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Abstract
In recent years, the development of core@shell structured nanoparticles has received great
research attention because of the combination of different properties in one particle based on
different compositions of the core and the shell. The core often shows the relevant property
(e.g. semiconductors, metals, magnetic oxides, encapsulated molecules), while the shell can
not only avoid the aggregation and oxidation of the particles, but also can alter the dispersion
characteristics of the particles by surface modification, so that the possibility is given to blend
the core@shell particles into the polymer matrices.
BaTiO3 is one of well-known dielectric materials that is also used in a variety of semicon-
ductor devices owing to its high and frequency-independent permittivity with low dielectric
loss. In this work, we aspire to develop a versatile, cost efficient, environmental friendly,
and easy-to-scale up method for synthesizing BaTiO3 nanoparticles and BaTiO3-based differ-
ent types of core@shell nanoparticles: BaTiO3@SiO2 and Ag@BaTiO3 with the core@shell
structure.
The “Organosol” sythesis is proposed to produce hydrophobic BaTiO3 nanoparticles at
temperatures as low as room temperature. The advantages of this method are a high yield, a
simple but precise control of the size of the particles, low process temperature, short reaction
time, as well as low cost of reagents.
BaTiO3@SiO2 compsite nanoparticles with tunable thickness from 3 nm to 20 nm are
successfully prepared by a reverse microemulsion method. Specifically, the formation of
BaTiO3@SiO2 is performed by using hydrophobic BaTiO3 nanoparticles as seeds in a Triton
X-100/n-hexanol/cyclohexane/water reverse microemulsion (W/O). The shell is formed by
hydrolysis and condensation of tetraethyl-orthosilicate (TEOS) on the surface of the BaTiO3
particles. The TEM and EDS elemental mapping images clearly show that the BaTiO3@SiO2
compsite nanoparticles have a core@shell structure.
Ag@BaTiO3 composite nanoparticles with tunable optical properties were formed in two
steps: (1) the synthesis of a Ag organosol, (2) followed by its incorporation with BaTiO3
“organosol” precursor to prepare Ag@BaTiO3 composite nanoparticles. A controllable nanolayer
of BaTiO3 on the surface of Ag was formed at different Ag/Ba molar ratios. The UV-vis re-
sults reveal changes in the optical features of the Ag and Ag@BaTiO3 composite nanoparticles
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corresponding to the medium where the nanoparticles are embedded in and the thickness of
the BaTiO3 shell. It was found that the ultrathin BaTiO3 shell with a thickness less than 5 nm
in composite significantly alters the optical feature and results in almost complete absorption
of light in broad spectrum.
The future work will be focused on the preparation of polymer-based nanocomposites
homogeneously incorporating our synthesized colloidal core@shell nanoparticles for devel-
opment of organic photovoltaic devices.
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Zusammenfassung
In den letzten Jahren haben Kern@Schale Nanopartikel stark an Bedeutung in Forschung
und Entwicklung neuartiger funktionaler Materialien gewonnen, da hier die Möglichkeit be-
steht, verschiedene Funktionalitäten zu kombinieren und die Eigenschaften durch Zusammen-
setzung, Dicke des Kerns und der Hülle und Partikelgröße gezielt zu beeinflussen. Als Kern
Materialien kommen hierbei unter anderem Halbleiter, Metalle, magnetische Oxide und ge-
kapselte Moleküle zum Einsatz. Die Schale kann den Kern vor Umwelteinflüssen schützen, die
Agglomeration vermindern, die Stabilität und Dispergierbarkeit erhöhen, z. B. die kernober-
fläche lassen sich funktionalisieren, dadurch wird ein homogenes Einbringen anorganischer
Kernpartikel in eine organische Matrix möglich.
BaTiO3 ist ein sehr bekanntes dielektrisches Material und wird als Dielektrikum in Kon-
densatoren verwendet aufgrund seiner hohen und frequenzunabhängigen relativen Permitti-
vität mit niedriger dielektrischen Verluste. Der Fokus der Arbeit liegt auf der Synthese und
Charakterisierung von BaTiO3 Nanopartikeln und die Verwendung von BaTiO3- Nanopar-
tikeln zur Herstellung von verschiedenen Kern@Schale Nanopartikel: BaTiO3@SiO2 und
Ag@BaTiO3.
Für die Herstellung von BaTiO3 Nanopartikeln wird eine umfangreiche, kosteneffiziente
und umweltverträgliche “Organosol” Synthese bei niedrigen Temperaturen entwickeln. Diese
einfache, schnelle und schonende Synthese bietet viele Möglichkeiten, auf das gewünschte
Produkt Einfluss zu nehmen. Hinzu kommt die einfache Skalierbarkeit und die genaue Kon-
trolle der Partikelgröße.
Des Weiteren wird die Herstellung von BaTiO3@SiO2 Nanopartikel mit Kern@Schale-
Struktur über inverse Mikroemulsion als Reaktionsmedium gezeigt. Die inverse Mikroemul-
sionslösung (W/O) besteht aus Triton X-100, n-Hexanol, Cyclohexan und einer wässrigen
Phase. Bei diesem Verfahren werden aus einem Tetraalkylorthosilicat (TEOS) durch eine
Ammoniak-katalysierte Hydrolyse-Kondensationsreaktion in einer inversen Mikroemulsion
SiO2 beschichtete BaTiO3 Nanopartikel, wobei die SiO2 schale eine Dicke im Bereich von 3
nm bis 20 nm aufweist, erzeugt. Mikrostrukturanalysen, so wie TEM-EDS-Elementverteilungs-
bilder, zeigen SiO2 auf der BaTiO3 Nanopartikel-Oberfläche gebildet wird.
Der dritte Teil der Arbeit befasst sich mit der Synthese und Charakterisierung von Ag@BaTiO3
Nanopartikel. Die Herstellung erfolgt in zwei Schritten: (1) Herstellung eines Ag Organo-sols,
(2) anschließend Einbringen des hergestellten Ag Organosols in ein BaTiO3 “Organosol” Pre-
cursor. UV/Vis-Spektroskopie ermöglicht die Untersuchung der Bildung und Aggregation von
Ag und Ag@BaTiO3 Nanopartikel. Die spektrale Lage der Plasmonresonanz wird von meh-
reren Faktoren beeinflusst, z.B. dem umgebenden Medium, auch der BaTiO3 Schichtdicke. Es
zeigt sich eine erhebliche Veränderung der spektralen Lage von Ag@BaTiO3 Nanopartikeln
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mit einer ultradünnen Schale von weniger als 5 nm. Es entsteht ein breites spektrum, wenn sie
alles auffallende Licht fast vollständig absorbieren.
Die zukünftige Arbeit konzentriert sich auf die angestrebte homogene Einbettung unserer
hergestellten Nanopartikeln mit Kern@Schale-Struktur in Polymermatrizes zur Anwendung
und Entwicklung zukünftiger organischer Solarzellen.
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Chapter 1
Introduction and Aim of Work
1.1 Research Background and Motivation
Nanoscience and nanotechnology has become a very interesting research branch due to the
creation of new nanomaterials with the development of new technologies. In this regard,
nanoparticle-based material engineering has risen very much in recent years, because nanopar-
ticles having nanoscale particle sizes exhibt new interesting optical, electrical and magnetic
properties, they are completely different from those of bulk materials due to large specific
surface area and the quantum confinement effect. Much interest has been concentrated on
their applicability in catalytic, ceramic, electronic devices as well as polymer composites and
coatings [32].
Ferroelectric nanoparticles, such as lead zirconate-titanate (Pb[ZrxTi1-x]O3 (0≤x≤1), PZT),
barium titanate (BaTiO3, BTO), calcium-copper titanate (CaCu3Ti4O12, CCTO), sodium nio-
bate (NaNbO3), among others, are key to many modern technologies, in particular piezoelec-
tric actuators and electro-optic modulators due to their high dielectric constant, high dipole
moment, and high electromechanical coupling coefficient [33]. Amongst them, lead-free per-
ovskite BaTiO3 is one of the most extensively studied ferroelectric materials, because of its
environmentally friendly feature, making it a good substitute for Pb-containing compounds
for various applications. Because the nanotechnology industry is growing rapidly today, for
extending the range of applications or for improving single phase’s properties, the combi-
nation with other types of functional materials is currently proposed. Over the last decade,
there have been immense efforts to prepare core@shell nanostructured nanoparticles with tai-
lored structural, optical, and surface properties. The purpose of coatings on core-particles
is carried out for different reasons like surface modification, increasing functionality, stabil-
ity, dispersibility, and control release of the core material. The presence of the shell can alter
some properties of core like surface charge, functionality, and reactivity. For example, temper-
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ature stability of dielectric constant is important for capacitor applications, which is associated
with the core@shell structure having a different chemical composition between bulk grain and
grain boundary [34, 35]. These microstructures are usually obtained by mixing small amounts
of several oxide additive coatings to BaTiO3 powders. There are many kinds of materials
available for coating of the BaTiO3 nanoparticles, like metal oxide, noble metals and polymer
material. In the field of high-permittivity dielectrics it is highly desirable to have the grains
of the ceramic composed of a core of pure BaTiO3 surrounded by a SiO2 shell, because the
resulting SiO2 coated nanoparticles are chemically stable, fairly biocompatible, nontoxic, and
can be prepared in narrow size distribution. Furthermore, SiO2 coating will lead to an im-
proved sintering behavior of BaTiO3 particles since SiO2 is known to be a good sintering aid
[36, 37]. Moreover, a homogeneous distribution of SiO2 layer coating on BaTiO3 particle is
very important because the inhomogeneous presence of small amounts of liquid phases gives
rise to exaggerated grain growth [38] and the segregation of SiO2 into grain boundaries was
found to deteriorate electrical properties [39].
BaTiO3-based dielectric powder is most widely used in the multilayer ceramic capacitor
(MLCC) industry. Recently, Wei et al. [1] proposed a method to prepare core@shell structured
dielectric particles which consist of a conductive core and one or more thinly coated layers
of dielectric material for the application of multilayer ceramic capacitors (MLCC) instead
of conventionally solid dielectric BaTiO3 particles as the capacitor’s active layers (Figure
1.1). The coated dielectric shell will form thin barrier layers along the conductive particle
surface through co-firing. In particular, the use of core@shell particles with a thin shell of high
permittivity dielectric material improves the capacitance volumetric efficiency, and the use of
core@shell particles with a thick shell of dielectric will improve capacitor device’s energy
storage capacity as the results of improved electrical and mechanical strength. Figure 1.1 (c)
shows the effective dielectric constant of three MLCCs made from BaTiO3, SrTiO3, and PLZT
core@shell particles as a function of the shell thickness. However, a shell thickness less than
10 nm may have a low resistivity or cause electrical shorting when the core@shell particles
are made into the capacitor devices. In order to make high quality shells with less defects
and uniform thickness, chemical coating through reaction such as sol-gel, hydrothermal, co-
precipitation methods, or chemical vapor deposition are preferred.
Despite the fact that the main interest with core@shell dielectric particles is more con-
centrated on MLCC devices, these said particles have a significant influence on other fields
of science as well. For example, they can be also used in plasmonic metamaterial absorbers,
a booming research field aiming at the manipulation of light at the nanoscale. An ideal per-
fect absorber is an object that absorbs all light that falls onto it and it is valuable for many
important applications, e.g., photodetection or collection of solar energy (photovoltaic cells).
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For example, an absorber based on chemically-synthesized Au@SiO2 core@shell structured
dielectric nanparticles was fabricated, as shown in Figure 1.2 [2].
This dissertation work aims to gain a deeper understanding of the core@shell systems,
their chemistry, properties and morphology control, as well as to optimize the synthesis meth-
ods for the production of BaTiO3-based core@shell nanostructures, meanwhile, investigate
the mechanistic processes involved in the formation of the core@shell nanoparticles.
Specifically, emphasis was placed to provide some answers to the following problems:
1. Is it possible to directly produce hydrophobic nanocrystalline BaTiO3 with narrow size
distribution and tunable properties?
2. What is the role of the surfactant oleic acid in the synthesis of BaTiO3 nanoparticles?
How does a washing process affect the obtained structures?
3. What are the specific effects observed on crystalline phases as well as on particle mor-
phology?
4. How can the presented “organosol” synthetic strategy be expanded to produce a broad
range of core@shell structures?
5. Can we use plasmonic nanoparticles to create optical-frequency metamaterials by com-
bining plasmonic nanoparticles with dielectric shells?
The investigation of the above mentioned aspects is compiled in this thesis. Fabrication and
characterization of hydrophobic BaTiO3 and its stable core@shell nanostructured particles
will be presented. Furthermore, particular attention is given to the “organosol” synthesis pro-
cess of BaTiO3, to study its influence on the material properties, like the crystallinity of the
products, morphology, or crystal structure. Following this, the effects of synthesis param-
eters, as surfactants, metal precursors or solvents, along with post-treatment procedures on
the core@shell structure development will be investigated. A detailed study of the BaTiO3
nanoparticles, their morphology and structure development will be provided during the dis-
cussion of the synthetic pathway. Next, the “organosol” synthetic strategy to obtain perfectly
shaped, uniformly coated core@shell structure, as well as post-treatment procedures will be
introduced. Attempt will be made to produce materials suitable for polymer-based composite
photovoltaic fabrication. Finally, possible applications and synthesis extension prospects for
the investigated core@shell structure systems will be given.
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Figure 1.1: shows (a) a core@shell particle cross section with a conductive metal core, a di-
electric coated shell, (b) a schematic view of the cross section of a multilayer ceramic capaci-
tor, and (c) shows the effective dielectric constant (Keff) of the capacitors made from BaTiO3,
SrTiO3, and PLZT core@shell particles as a function of shell thickness [1].
Figure 1.2: (a) Three-dimensional schematic view of Au@SiO2 core@shell nanoparticles
based absorber and (b) The cross section view of the Au@siO2 nanoparticles [2].
1.2 Thesis Objectives 19
1.2 Thesis Objectives
The overall objective of this thesis is to develop inexpensive, environmental friendly, and
easy-to-scale up methods for synthesizing nanosized BaTiO3 and BaTiO3-based core@shell
nanostructured particles. The main achievements of the work performed in this study are
summarized as follows:
1.2.1 Study of the “organosol” route
“Organosol” is generally understood in a sol in which an organic liquid forms the dispersion
medium. The use of organic solvents instead of an aqueous one might be a promising solution
to this problem in which the particles gain steric stabilization due to the presence of giant
hydrophobic stabilizing ligands. A variety of wet chemical methods have thus far been devel-
oped for the nanocrystal synthesis. The main issues are to have control over particle size and
size distribution, surface passivation, and crystallinity of the nanocrystal. In a good solvent,
the ligands extend from the nanocrystal surface and provide steric stabilization, which typi-
cally limits the size of the generated particles in the nanometer range and prevents unwanted
agglomeration. To prevent nanosized particles from aggregation, capping ligands have to an-
chor to the particle surface. We have found that oleic acid is an effective capping ligand in
preparing oxide-based nanostructures without any agglomerations, even at elevated processing
temperature. Hence, the current “organosol” approach offers an inexpensive, safe and facile
synthesis route to produce oxide-based nanomaterials with high yield.
1.2.2 Synthesis of hydrophobic BaTiO3 nanoparticles
An “organosol” route for synthesizing a variety of different perovskite oxides nanoparticles,
such as BaTiO3, (Ba,Sr)TiO3, SrTiO3, BaZrO3, etc. nanoparticles will be explored. The de-
sired nanoparticles should be stable and hydrophobic with the targeted size in the range of
ca. 10-15 nm and possess excellent dispersibility in organic solvents. This method offers an
alternate low-cost route to perovskite nanopowders easily dispersed in organic media. Indeed,
during the preparation of the nanoparticles their stabilization is done using organic molecules,
the surfactants. This surface modification of the nanoparticles decreases their surface free en-
ergy, and thus reduces their tendency to aggregate. Furthermore, we can change the chemical
composition, shape, and size of nanoparticles by inducing small variations in the synthetic
process, and therefore, we manage to precisely tailor them according to the desired appli-
cation. The control over the synthesis of the colloidal nanoparticles gives a great variety of
possibilities in terms of properties (optical, thermal, mechanical, electronic, magnetic) that
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can be tuned over large ranges. No one has really addressed the key challenge of these ro-
bust hydrophobic materials, we expect these hydrophobic ceramics to generate far-reaching
technology.
1.2.3 Synthesis of BaTiO3@SiO2 core@shell nanoparticles
The study of the incorporation of BaTiO3 particles into a silica matrix to obtain hybrid core@shell
structures is very important, because of significant changes and/or improvements in the dielec-
tric, electric, and optical properties of the resulting products. TEOS (tetraethyl orthosilicat),
an organometallic compound of silicon, as a precursor, through a hydrolysis-condensation
reaction. Reverse microemulsion was used in this study for the production of BaTiO3@SiO2
core@shell nanoparticles. Advantages of this method are that the resulting silica nanoparticles
have “smooth” surfaces, display good monodispersity, and that nanoparticles with nonpolar
ligands can be directly coated.
1.2.4 Synthesis of Ag@BaTiO3 core@shell nanoparticles
Though the research on stabilization of Ag nanoparticles has grown, studies on the interac-
tion of Ag nanoparticles with polymer organic semiconductors, e.g. P3HT, are still progress-
ing. Nonetheless, reports on Ag@BaTiO3 nanoparticles are far fewer compared to Ag@SiO2
core@shell nanoparticles, mainly because of the poor wetting properties. In this work, we
are developing a novel silver and barium titanate composite nanoparticle Ag@BaTiO3 with
tunable optical properties based on the core-shell nanostructure comprising either a Ag core
with dielectric BaTiO3 shell or a small amount of Ag cores dispersed in a continuous dielec-
tric BaTiO3shell matrix, which depends on the amount of shell precursor to obtain the desired
shell. Further development and extension of current synthetic strategy are being pursued to
combine these core@shell nanostructured Ag@BaTiO3 nanoparticles into polymer nanocom-
posite form. We believe that advanced synthetic techniques and greater stability of BaTiO3
shell-isolated Ag nanoparticles dispersions can result in the significant enhancement of device
performance of organic solar cells.
1.3 Thesis Organization
This thesis has been divided into five main chapters, each of which explains in detail the
process of research that has been carried out. Chapter 1 motivates the present work further
followed by Chapter 2 which offers a brief background information on the three key types of
nanoparticles: BaTiO3, SiO2, and Ag, as well as the corresponding core@shell nanoparticles.
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In Chapter 3 we present detailed information about all the characterization techniques that
were used to obtain the experimental data in Chapters 4, 5 and 6. In Chapter 4 synthesis of
BaTiO3 using the “organosol” route is described as a simple and effective way to prepare per-
ovskite oxides. Chapter 5 is dedicated to the synthesis and characterization of BaTiO3@SiO2
nanoparticles, where a reverse microemulsion method to synthesize core@shell structures is
proposed in detail and a discussion on the shell thickness of SiO2 in this core@shell structure
is given. Chapter 6 is focused on Ag@BaTiO3 core@shell nanoparticles. This modification
of Ag nanoparticles with BaTiO3 shell leads to enhance a light absorption due to coupling of
the Ag nanoparticles and the dielectric BaTiO3 shell. Finally, Chapter 7 is a summary of the
major conclusions that result from the performed work. There are also suggestions for future
work on Ag@BaTiO3 /PVDF-TrFE copolymer composite films.
1.4 Peer Reviewed Publications and Conference Proceed-
ings
1.4.1 Conference Proceedings
Y. Gao and Doru C. Lupascu, “Synthesis and Characterization of BaTiO3 Nanopowders and
BaTiO3/CoFe2O4 Nanocomposites,” Mater. Res. Soc. Symp. Proc. Vol. 1397 (2012).
M. Etier, Y. Gao, V. V. Shvartsman, D. C. Lupascu, J. Landers, and H. Wende, “Mag-
netoelectric properties of 0.2CoFe2O4-0.8BaTiO3 composite prepared by organic method,”
Proceedings of 2012 21st IEEE Int. Symp. on Applications of Ferroelectrics held jointly with
11th IEEE European Conference on the Applications of Polar Dielectrics and IEEE PFM,
ISAF/ECAPD/PFM, Article number 6297820 (2012).
1.4.2 Publications
M. Etier, C. Schmitz-Antoniak, S. Salamon, H. Trivedi, Y. Gao, A. Nazrabi, J. Landers, D.
Gautam, M. Winterer, D. Schmitz, H. Wende, V. V. Shvartsman, and D. C. Lupascu, “Mag-
netoelectric coupling on multiferroic cobalt ferrite-barium titanate ceramic composites with
different connectivity schemes,” Acta Materialia 90, 1-9 (2015).
Y. Gao, V. V. Shvartsman, D. Gautam, M. Winterer, and D. C. Lupascu, “Nanocrystalline
barium strontium titanate ceramics synthesized via the "organosol" route and Spark Plasma
Sintering,” J. Am. Ceram. Soc. 97, 2139-2146 (2014).
M. Etier, V. V. Shvartsman, Y. Gao, J. Landers, H. Wende, and D. C. Lupascu, “Magneto-
electric effect in (0–3) CoFe2O4-BaTiO3(20/80) composite ceramics prepared by the organosol
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route,” Ferroelectrics 448, 77-85 (2013).
M. Escobar Castillo, V. V. Shvartsman, D. Gobeljic, Y. Gao, J. Landers, H. Wende, and
D. C. Lupascu, “Effect of particle size on ferroelectric and magnetic properties of BiFeO3
nanopowders,” Nanotechnology 24, 355701 (2013).
Y. Gao, A. Elsukova, D.C. Lupascu, “Preparation of SiO2 Encapsulated BaTiO3 Nanopar-
ticles with Tunable Shell Thickness by Reverse Microemulsion,” Particle and Particle Sys-
tems Characterization 30 (10), 832–836 (2013).
Y. Gao, V. V. Shvartsman, A. Elsukova, and D. C. Lupascu, “Low-temperature synthesis
of crystalline BaTiO3 nanoparticles by one-step "organosol”-precipitation,” J. Mater. Chem.
22, 17573-17583 (2012).
M. Etier, Y. Gao, V. V. Shvartsman, A. Elsukova, J. Landers, H. Wende, and D. C. Lupascu,
“Cobalt ferrite/barium titanate core/shell nanoparticles,” Ferroelectrics 438, 115-122 (2012).
1.4.3 Work in Progress
Y. Gao, N. Gharbi, S. Kugai, A. Elsukova, and Doru C. Lupascu, “Core-shell Ag@BaTiO3
Plasmonic Absorber Systems Synthesized via the “Organosol” Route, ” work in progress.
Y. Gao, I. Anusca, H. Trivedi, S. Salamon, A. Elsukova, Doru C. Lupascu, “BaTiO3-
CoFe2O4 bi-phasic Janus/Zebra-type nanocomposites based on organosol route,” work in
progress.
1.5 Important Outcome of the Research
The following section details the important outcomes obtained while carrying out this re-
search.
1. Oleate-modified BaTiO3 nanoparticles have been prepared by the “organosol” route as
main part of this work (§ Chapter 4.2).
2. To our knowledge, the SiO2 ultrathin shells (~3 nm) coated BaTiO3 were firstly experi-
mentally synthesized using a reverse microemulsion method (§ Chapter 5.2).
3. The relative permittivity (εr) in nanocomposites is dependent on interfacial polarization
and space charge polarization, therefore, it is highly probable that the BaTiO3 coated
Ag nanoparticles might exhibit high dielectric constant with low dielectric loss. By car-
rying out dielectric measurements to core@shell Ag@BaTiO3 nanoparticles the relative
permittivity (εr) of the Ag@BaTiO3 nanoparticles increased prominently (§ Chapter 6).
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4. UV-vis spectroscopic studies revealed the optical properties of Ag@BaTiO3 core@shell
nanostructures can be tuned by adjusting the concentration of Ag nanoparticles in BaTiO3
matrix and thickness of BaTiO3 layer. Most remarkably, the Ag nanoparticles coated by
an ultrathin dielectric BaTiO3 shell with a thickness less than 5 nm absorbs almost all
light that falls onto it compared to pure Ag (§ Chapter 6). This excellent property has
motivated us to study Ag nanoparticles embedded in a dielectric BaTiO3 matrix with
the aim to design a perfect absorber (plasmonic blackbody), which can be profitably





Nanoparticles are defined as small particles sized between 1 to 100 nanometers in at least one
dimension. Currently, there are more than 1.600 nanotechnology-based consumer products
according to an analysis by Nanotechproject.com [40]. Compared to their counterparts in bulk
states, manufactured nanomaterials have the merits of better adjustable electronic properties,
better tunable optical properties, and higher reactivity. In the following sections, I will focus
on three different nanoparticles: barium titanate (BaTiO3), silicon dioxide (SiO2), and silver
(Ag) that have been widely studied both theoretically and experimentally.
2.1 BaTiO3 Nanoparticles
BaTiO3 is a ferroelectric and piezoelectric material which has a variety of commercial appli-
cations, including multilayer ceramic capacitors (MLCCs), embedded capacitance in printed
circuit boards, underwater transducers (sonars), and thermistors with positive temperature co-
efficient of resistivity (PTCR).
2.1.1 Structure and Dielectric Property of BaTiO3
BaTiO3 has a typical perovskite structure, which is shown in Figure 2.1. Perovskite materi-
als, with a general stoichiometry of ABO3, represent a unique class of crystalline solids that
demonstrate a variety of interesting dielectric, piezoelectric, ferroelectric, and electro-optic
properties. The unique properties of perovskite materials are the result of the crystal structure,
phase transitions as a function of temperature, and the size of the ions present in the unit cell.
Above its Curie point (about 130 °C), the unit cell of BaTiO3 is cubic as shown in Figure
2.2 [4]. The barium (Ba) ions reside at the corners of the cubic forming a closepacked structure
along with the oxygen (O) ions, which occupy the face centers of the cubic. Each Ba ion is
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Figure 2.1: Schematic diagram of perovskite BaTiO3 crystallographic structure and its phases
[3].
surrounded by twelve O ions, and each O ion is surrounded by four Ba ions and eight O ions.
In the center of the face-centered cubic unit cell, the small highly charged titanium (Ti4+) ion
is octahedrally coordinated by six oxygen ions.
The crystal structure and dielectric characteristics of BaTiO3 strongly depend on temper-
ature. When the temperature is below the Curie temperature, the cubic structure is slightly
distorted to a ferroelectric tetragonal structure having a dipole moment along the c direction
[4, 41]. When the temperature goes down below 0 °C, the tetragonal structure will transform
to an orthorhombic ferroelectric phase with the polar axis parallel to a face diagonal. When
the temperature is reduced further to -80 °C, it will transform to a rhombohedral structure
with the polar axis along a body diagonal. All of the phase transformations of BaTiO3 single
crystals are illustrated in Figure 2.2. The temperature dependence of the relative permittivity
of BaTiO3 measured in the a and c directions is shown in Figure 2.3.
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Figure 2.2: Phase transformations of the BaTiO3 crystal at different temperatures [4].
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Figure 2.3: Temperature dependence of relative permittivity of BaTiO3 single crystal [4].
2.1.2 Synthesis of BaTiO3 Nanoparticles
Several different synthesis routes have been developed to manufacture nanoscale BaTiO3 pow-
ders, which can be mainly performed in two ways: (1) mixed oxide (solid state) preparation.
(2) wet - chemical preparation method, so called because of the use of a solvent. To understand
the advantages and disadvantages of each route, a review of the common methods is presented.
Recent reviews by Adair, Suvaci and Pithan et al. [42] provide good overviews of the different
synthesis routes. The general description of some processes widely used for the preparation
of BaTiO3 nanopowders is mentioned below. Pathways for BaTiO3 preparation from different
precursors are schematically shown in Figure 2.4. One of the main disadvantages of several
of the routes is the necessary high-temperature calcination step which leads to the formation
of hard agglomerates. Table 2.1 is a list of the most common synthesis routes used to produce
nanoscale BaTiO3 powders and their characteristics.
Solid-state synthesis is one of the traditional methods for the synthesis of BaTiO3 powder
through heating BaCO3 and TiO2 to temperatures as high as 1100-1200 °C [5, 43, 44]. This
method, however, leads to large BaTiO3 particles (usually above 1 µm) with wide grain-
size distribution, irregular morphologies and impurities, which may result in poor electrical
properties and difficult reproducibility of sintered ceramics. To obtain finer BaTiO3 powders
with high quality, many synthesizing methods have been developed. Among those methods,
sol-gel [45–47] and hydrothermal synthesis [48–51] are the most widely used methods for
nanocrystalline BaTiO3 synthesis.
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In the sol-gel process, BaTiO3 gels can be obtained by hydrolyzing the metal alkoxide
with the addition of water. After gelation, the gels are dried and calcined at high temper-
atures to remove the chemically bound water and crystallize the amorphous gel. The most
advantageous characteristics of this method are the high purity and the excellent control of
the composition of the resulting powders. The calcination temperature is lower than that of
solid-state routes, and therefore agglomerates formed are weaker and easier to break up during
milling. However, the expensive raw materials and the low yield rate are the main hindrances
for the commercial application of this method. In contrast to this, hydrothermal synthesis can
lower the processing temperature, where aqueous solutions of barium and titanium sources
are mixed and sealed in a high temperature-pressure reaction vessel and heated (e.g., below
300 °C). During the hydrothermal formation of BaTiO3, a basic environment is necessary for
BaTiO3 to precipitate, and that pH is dependent on the Ba concentration in the starting so-
lution. Cheaper starting precursors are frequently used, such as barium hydroxide or barium
chloride and titanium oxide or titanium chloride. This process produces fine BaTiO3 powders
(< 300 nm) with narrow size distribution, high crystallinity, and high purity. However, the
high solution pH during synthesis also leads to the incorporation of large amounts of hydrox-
ide defects into the lattice. After synthesis the powder is washed with an acetic acid solution
to remove BaCO3. The acid wash leads to Ba dissolution from the particle and a Ba deficient
surface.
Recently, several research groups have focused on the direct wet-chemical synthesis routes
based on precipitation of BaTiO3 in aqueous or mixed organic-aqueous media at lower tem-
peratures (< 150 °C) and ambient pressure. Whether the technique is called low temperature
aqueous synthesis (LTAS) [52], low temperature direct synthesis (LTDS) [53], or solvent re-
fluxing [54], the basic synthesis steps are similar. Comparing with the hydrothermal method,
they do not require an autoclave, and the synthesis process is conducted in water-based solvent
or in a mixed solvent of alcohol and water under mild conditions.
In conclusion, for the synthesis of BaTiO3, there is a number of challenges that must be
addressed for such an approach to be advantageous from a manufacturing standpoint. The
ideal synthesis would [55]:
1. Facilitate low-temperature crystallization of BaTiO3 (at or near room temperature)
2. Maintain phase-pure stoichiometric ratios of Ba:Ti
3. Allow accurate control over grain or particle size at the nanoscale
4. Allow selective crystallization of the tetragonal (ferroelectric) phase over the cubic
(paraelectric) phase
5. Allow the formation of monodisperse colloidal nanoparticles
6. Be easily scaled-up to produce quantities appropriate for manufacturing purposes.
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Figure 2.4: Pathways for evolution of crystalline BaTiO3 from different precursors. (a) con-
ventional processing; (b) oxalate/citrate; (c) acetate gel route; (d) sol precipitation; (e) com-
plete atomic mixing [5].
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Table 2.1: List of common techniques and their characteristics used in the synthesis of
nanoscale BaTiO3. Taken from Adair and Suvaci [31].
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2.1.3 Surface Chemistry and Dispersion of BaTiO3
The dispersion of BaTiO3 powders in either an aqueous or a nonaqueous medium has re-
ceived great attention [56–66]. This is particularly critical in dispersing nanopowders, i.e.,
particle sizes < 100 nm, in liquid media for nanoceramic fabrication and microprocessing,
for example, in order to attain the interesting properties of nanocomposites, it is extremely
important to be able to homogeneously disperse the nanoparticles in polymer matrices. In
general, the dispersion of nanoparticles in a liquid consists of three stages: (a) wetting of the
powder, (b) disintegration of large agglomerates into smaller aggregates of primary particles
and (c) stabilization of the powder against reagglomeration [67]. However, a complicated sur-
face chemistry of BaTiO3 and the resultant interactions in liquid media lead to a myriad of
problems. BaTiO3 is not thermodynamically stable in water, causing dissolution of Ba2+ ions
[63, 68–70] and leaving a TiO2-rich surface (See Eq. 2.1).
BaTiO3(s)+2H
+→ Ba2+TiO2(s)+H2O (2.1)
In the past decade, finding suitable dispersants and binder systems for the aqueous pro-
cessing of BaTiO3 to limit particle aggregation and dissolution during nucleation and growth
has been of interest [62, 71]. Many studies focusing on the BaTiO3 dispersion in non-aqueous
media have also been reported [58, 72]. S. Bhattacharjee et al. used polyvinyl butyral (PVB)
that can act both as a binder and as a dispersant to attach and stabilize the basic BaTiO3
particle surface in a toluene-methanol solvent system giving rise to a dense coating on the
particle and thus imparting steric stabilization [67]. Recently, striving to improve BaTiO3 dis-
persions in polymer matrices, surface modification of BaTiO3 has been achieved by oleic acid
by surfactant adsorption [73, 74] or polymer coatings [75]. Shinn-Jen Chang et al. treated
BaTiO3 nanoparticles with hydrogen peroxide (H2O2) to produce -OH groups on the surfaces
of the nanoparticles, then the hydroxylated BaTiO3nanoparticles were chemically modified
with sodium oleate (SOA), CH3(CH2)7CH=CH(CH2)7COONa, as shown in Figure 2.5.
2.2 SiO2 Nanoparticles
SiO2 is an important inorganic material useful in a variety of insulation, protection, and diffu-
sion barrier applications. They are considered as the mainstay-building unit in designing and
developing nanostructures for a large variety of applications. A simple flowchart for applica-
tions of SiO2 is shown in Figure 2.6. Furthermore, it is suitable for the coating of nanoparticles
made from both organic and inorganic materials, because it is highly stable against degrada-
tion.
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Figure 2.5: The processes for hydroxylation and surface modification of BaTiO3 nanoparticles
[6].
Figure 2.6: Applications of SiO2 according to S. Sakka [7].
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Figure 2.7: SiO2 particle showing various silanol groups [8].
2.2.1 Colloidal SiO2
Silica is the common name for silicon dioxide (SiO2), one of the most abundant component
on the earth‘s crust except carbon which occurs in crystalline and amorphous forms (non-
crystalline). Colloidal SiO2 is often used to refer to concentrated dispersions and stable dis-
persions or "sols" made of discrete and dense amorphous SiO2 nanoparticles in a liquid. If
the liquid is organic, it is called an organosol but, the most commonly used is water and then
it is referred to as an aquasol or hydrosol [8]. The particles of amorphous SiO2 are built up
by a random packing of [SiO4]4- units. This results in a non-periodic structure with the gen-
eral molecular formula SiO2 [8]. The bulk structure terminates at the surface in two different
ways; oxygen on the surface through siloxane groups (≡Si-O-Si≡) or silanol groups (≡Si-
OH). Different forms of silanols are presented in Figure 2.7. A SiO2 sol is said to be stable if
the particles do not settle and do not aggregate at a significant rate. An aggregate in colloidal
science is a group of particles held together in any possible way. The term aggregate is used
to describe the structure formed by the cohesion of colloidal particles. SiO2 sols lose their
stability by aggregation of colloidal particles. Colloidal SiO2 particles can be linked together
or aggregate by gelation, coagulation, flocculation and coacervation [8].
2.2.2 Synthesis of SiO2 Nanoparticles
For the time being, the Stöber method as well as the microemulsion method are the prevailing
choices for synthesis of SiO2 nanoparticles (Figure 2.8) [9]. Both methods are based on the
polymerisation of tetraethylorthosilane (TEOS) under basic conditions.
The Stöber synthesis developed in the 1960’s was the first method reported for making
highly spherical, highly monodisperse SiO2 nanoparticles with diameters ranging from 50 nm
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Figure 2.8: Methods for synthesizing solid silica nanoparticles. (a) The Stöber method, in
which the hydrolysis and condensation of TEOS is facilitated by base in ethanol/water. (b)
The reverse phase microemulsion, in which TEOS is hydrolyzed at the micellar interface and
enters the aqueous droplet to form a silica nanoparticle within the micelle [9].
to 2 µm [76]. In a typical Stöber procedure (Figure 2.9), ethanol, ammonium hydroxide, and
water are mixed together, and then TEOS is introduced into the mixture with stirring. TEOS
is hydrolyzed catalyzed by ammonium hydroxide and then the silicic acid produced by the
hydrolysis of TEOS condenses to form amorphous spherical SiO2 particles. The diameter
of the SiO2 particles from the Stöber process is controlled by the relative contribution from
nucleation and growth processes. The resulting spherical units are the nuclei that develop
into larger particles by Ostwald ripening [77]. At pH = 7-10, the SiO2 nanoparticles are
negatively charged and repel each other. Therefore, the particles can continue to grow without
aggregation. Above pH 10, the SiO2 begins to dissolve as Silicate. At low pH, the SiO2
particles bear very little ionic charge. Thus, the particles can collide and aggregate into chains
and then form gel networks. This also happens when salts are present at high pH, because
the salts can neutralize the SiO2 [78] (Figure 2.10). Generally, the Stöber process yields
monodisperse coated particles with an evenly distributed shell thickness. Nevertheless, the
formation of pure SiO2 particles besides the coating of the nanoparticles is always a side
effect in the coating process. Therefore, it is crucial to control the concentrations of both
TEOS precursor and ammonia catalyst to suppress the development of secondary nuclei. The
Stöber SiO2 particles are very hydrophilic.
The second synthesis route to prepare SiO2 is the reverse-micelle or water-in-oil (w/o) mi-
croemulsion process [79–82]. Unlike traditional macroemulsion, a microemulsion is a ther-
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Figure 2.9: Synthesis of Stöber spherical SiO2 particles: hydrolysis and condensation of
TEOS.
Figure 2.10: Polymerization behavior of SiO2 (modified and redrawn from Iler [10]).
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modynamically stable dispersion of two immiscible liquids, where the microdomain of either
or both liquids is stabilized by an interfacial film of surfactant and sometimes cosurfactant
which was first reported in 1943 by Hoar and Schulman [83, 84]. The microemulsion method
has many advantages such as simplicity of operation, facile control of the properties of the
hybrid nanoparticles by experimental conditions including the number and size of encapsu-
lated nanocrystals, the core size and shell thickness. For example, TEOS is used as precursor
for SiO2 particle formation and ammonium hydroxide as catalyst analogously to the Stöber
method. The polar ammonium hydroxide is located in the water phase, whereas TEOS is par-
titioned between the aqueous and organic phases. Diffusion of the TEOS into the micelles,
which act as “nanoreactors”, promotes the coating reaction. The surfactants also act as capping
agents preventing the flocculation of the products.
The surfactant-covered water pools offer a unique environment for formation of nanopar-













where, Σs is the molar interfacial area at the surfactant-oil boundary; Vs, Vw are the molar
volume of surfactant and water respectively [84].
Ideal reaction conditions have to be specifically adjusted to the type and size of the nanopar-
ticles. Furthermore, the formed nanoparticles have to be precipitated and centrifuged to isolate
them. The nanoparticles cannot be kept in a colloidal state to minimize aggregation effects.
Moreover, it is virtually impossible to completely remove the surfactant molecules by wash-
ing. Typically, the microemulsion process is applied to nanoparticles with a hydrophobic
surface [85], whereas the Stöber method can be used for both hydrophilic and hydrophobic
nanoparticles.
2.3 Ag Nanoparticles
Ag nanoparticles are important materials that have been studied extensively [86–90]. The
ever-increasing attention and study of Ag nanoparticles is due to their widespread applica-
tions in the areas of solar technology, medicine, textiles, electronics, and green technology.
Ag nanoparticle properties such as strong light scattering and little absorption are being ex-
ploited for light harvesting by their incorporation into the photoactive layer of photovoltaic
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Figure 2.11: Schematic of plasmon oscillation for a sphere, showing the displacement of the
conduction electron charge cloud relative to the nucleus. Reprinted with permission from ref.
[11]. Copyright 2003, American Chemical Society.
cells thereby reducing surface reflectance [91].
2.3.1 Electro-optical properties of Ag Nanoparticles
The unique optical properties of Ag nanoparticles arise from their surface plasmon resonance
(SPR) when interacting with light of various wavelengths in the visible range. An exact ana-
lytical, theoretical description of SPR of spherical metal nanoparticles is part of Mie’s theory
for scattering and absorption of light by spheres [92, 93]. Surface plasmons are the waves that
propagate along the surface of the metal. When the wave vector of incident light is the same
as that of oscillation of plasmons, these plasmons oscillate in resonance with the light. This
resonant interaction between the SPs and the electromagnetic field of incident light leads to
the phenomenon called SPR as illustrated in Figure 2.11.
Ag colloids have been extensively characterised by UV-Vis spectroscopy because they ex-
hibit an intense absorption band in this region, known as the surface plasmon absorption band
(SPAB), which is a product of the colloid’s nanoparticles physical properties, including their
size, shape, surrounding dielectric medium, coupling of the colloids and adsorbed solutes [11].
In principle, almost any color of the Ag colloidal solution in any part of the visible spectrum
can be produced with changes in the nanoparticles size and shape. For example, Figure 2.12
shows the spectra of both the Ag seed colloid and the colloids of Ag larger particles grown
from the seed. For smaller particle size, the colloidal Ag appears yellow, a narrower/sharper
absorbance band is observed, while the larger particles appear blue with a wider broader peak.
With respect to Mie’s explanation, metal nanospheres with particle size (2R) smaller than
the wavelength of light λ have an extinction coefficient kex (absorption and scattering) given
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In the equation, the wavelength of light is λ , and the dielectric constant of the surrounding
medium is εh where the terms ε1 and ε2 reveal the real and the imaginary parts of the dielectric
constant of the metal, εm, (εm = ε1 + ε2). If the imaginary part of the dielectric constant of
the metal (ε2) is small, the resonance condition which results in the absorption maximum is
produced (ε1 =−2εh). The dielectric constant of the metal εm is affected by the change in the
size of nanoparticles which results in the change of the surface plasmon resonance which is
generally explained as the intrinsic size effect [94].
According to Eq. 2.4 given above, the appearance and the region of the plasmon absorption
band also is related to the dielectric constant εh of the surrounding medium. A dielectric shell
on a metal nanoparticle can change the local environment. For example, a metal nanoparticle
in water (n≈1.33), the presence of a silica shell (n≈1.5) will result in a weak red-shift in the
plasmonic response. However, the resonance of a metal nanoparticle embedded in a matrix
layer with a large index of refraction, n, (for example, a microcrystalline silicon medium with
n≈4), will strongly red-shift, while a silica shell on a metal nanoparticle embedded in the same
medium has a very strong blue-shift effect on the plasmon resonance, as shown in Figure 2.13.
Based on the Mie theory for a single spherical particle, Bala Krishna Juluri and co-works have
also developed a Rappture tool called nmie on Nanohub.org [14]. This tool calculates the
extinction, scattering, and absorption efficiencies of single nanoparticle (1 layer), core@shell
nanoparticle (2 layer) and nanomatryushka nanoparticle (3 layer) using Mie equation. The
user can change the layer composition (Au/Ag or dielectric) and the refractive index of the
surrounding medium, and also change the wavelength range of the calculation, as shown in
Figure 2.14. we can do many simulation cases and compare with each other.
2.3.2 Synthesis of Ag Nanoparticles
Various methodologies are available to synthesize Ag nanoparticles such as, chemical reduc-
tion of silver ions, thermal reduction in organic solvents, reversed micelle processes, photore-
duction, ultrasonic radiation, microwave irradiation [95, 96].
Among all the synthesis methods, the most frequently used procedure is the chemical
reduction of Ag+ into zero valent silver (Ag0) in aqueous solution [97–105]. Commonly, a
silver salt (e.g. AgNO3) is mixed with a reducting agent (e.g. either sodium borohydride,
NaBH4 (See Eq. 2.5), or sodium citrate, Na3C6H5O7 (See Eq. 2.6)) and a coating agent
(Figure 2.15 (a)). As shown in Figure 2.15 (a), we can see that after having been reduced,
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Figure 2.12: UV-Vis spectra of aqueous Ag colloids [12].
Figure 2.13: shows simulations of 50 nm silver nanoparticles coated with silica shells in water
(601, 602, 603, 604, 605) and microcrystalline silicon (606, 607, 608, 609) environments. The
curves are named according to the surrounding environment and the silica shell thickness [13].
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Figure 2.14: Nmie tool calculates extinction, scattering and absorption efficiencies of single
and multilayer nanoparticles [14].
the zero valent silver atoms aggregate thus forming the Ag nanoparticles. The coating agent
like citrate ions attaches on their surface, preventing particle collisions and agglomeration,
and adding specific properties to the Ag nanoparticles. However, this method employs many
chemical agents making it hazardous to the environment. Following this, thermal reduction
of Ag+ into zero valent silver (Ag0) in organic solvents without requiring the addition the
capping or reducing agents is much more suitable to be used in preparing Ag nanoparticles as








2AgNO3+C6H5O3−7 → 2Ag0+C5H4O2−5 +H+CO2+2NO−3 (2.6)
2.4 Core@Shell Nanoparticles
Various types of core-shell nanoparticles have been developed in outstanding efforts between
academia and industry in the last decades. The core-shell nanoparticles exhibit improved
physical and chemical properties over their single-component counterparts, and hence are
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Figure 2.15: Schematic representation of Ag nanoparticles synthesized by (a) chemical reduc-
tion [15] and (b) thermal reduction [16].
2.4 Core@Shell Nanoparticles 43
potentially useful in a broader range of applications, for example, in biomedicine and elec-
tronics. Shell coatings with homogenous thicknesses can be grown on top of the nanoparticle,
even leading to three layer structures and more. The shell materials can be metal or dielec-
tric materials. Such a core@shell nanoparticle design, as shown in Figure 2.16, consists of a
core, having the property, which demand the largest volume, for example, ferroelectricity or
magnetism. The coating shell 1 is chosen to facilitate the chemical reactions needed for the
functionalisation of the particles, but at the same time it can protect the active core from oxi-
dation or degradation. The outmost shell provides the contact with the surrounding media and
this shell is either hydrophilic or hydrophobic strongly depending on the applications. The
choice of core or shell materials of the core-shell nanoparticle is strongly dependent on the
end-use for different applications. Adela Ben-Yakar and co-works reported methods and com-
positions related to dielectric coated metal nanoparticles for the plasmonic enhancement of
thin film solar cells through increased optical absorption [13]. Among the different inorganic
material coating, SiO2 is most common one.
1. SiO2 shells: The coating of nanoparticles with silica shells is a popular option for a
number of reasons. Silica is chemically inert and exceptionally stable, (especially in
aqueous media), there are several well-established and simple protocols for its prepa-
ration, and its porosity can be controlled. SiO2 particles can be synthesized with a
Stöber process, while a modified Stöber process can be used to grow silica shells on
metal cores. SiO2 shells can have a profound impact on the plasmon resonance con-
dition, which can be profitably used for photovoltaic applications [2]. The shell for-
mation generally comprises two steps: the polymerization of TEOS, followed by ad-
dition of an outer thin shell, e. g. a different silane coupling agent bearing a func-
tional group of further functionalisation. The most common example of these silanes is
(3-Aminopropyl)triethoxysilane (APTES) that, after coating, yields nanoparticles with
terminal amine groups. There has been an increasing number of examples reported in
recent years, not only with magnetic (e.g. Fe3O4) nanoparticles [18, 106–108] (Figure
2.17 (a)), but also with other materials, such as ferroelectric (e.g. BaTiO3) [109, 110]
(Figure 2.17 (b)) and optical (e.g. Ag, Au) nanoparticles [20] (Figure 2.17 (c)).
2. Ag (Au) shells: For biomedical applications, Au and Ag are ideal coating due to their
chemical inertness, extreme chemical stability, and biocompatibility, as well as easy
functionalization, because they exhibit high-affinity binding to amine (-NH2) or thiol (-
SH) terminal groups of organic molecules [111]. Therefore, a great deal of research has
been devoted to explore and develop nanocomposites, with required optical properties
but within a suitable size range and so nanoshells were first introduced. These nanoshell
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structures can be extremely interesting for plasmonic studies. Their most striking fea-
ture is that it is possible to adjust the plasmon resonance of the Ag (Au) shell coated
nanoparticles over the whole visible and infrared region of the spectrum by adjusting
the ratio of metal shell thickness to outer diameter of the particle. One of the most pop-
ular and successful approaches to the preparation of metal nanoshells is based on “self
assembly monolayers (SAMs) and colloidal chemistry”. For example, a new class of
Au nanoshells containing dielectric BaTiO3 cores are described by FarrokhTakin and
co-workers [21], as shown in Figure 2.18 (I), where small Au particles (Au nuclei sites)
are attached to the surface of BaTiO3 particles and subsequent shell growth, reducing a
Au salt in the presence of the Au nuclei sites. The thickness of the Au coating can be
tuned by controlling the amount of the starting Au precursor. The plasmonic resonance
peak of BaTiO3@Au nanoshells is in the near infrared wavelength centered around 750
nm (Figure 2.18 (II)).
3. ABO3 (perovskite) shells: So far, relatively little attention has been drawn to the fab-
rication and characterization of multiferroic core-shell nanoparticles with a ferromag-
netic core and a ferroelectric shell as depicted in Figure 2.19, in such a configuration,
an insulating ferroelectric perovskite ABO3 layer is supposed to prevent an electrical
contact between the more conducting magnetic phases, moreover, in which there is
very good mechanical contact at the interface between two synthesized ferroic phases
and high piezoelectric and magnetostrictive effects arise in both phases [112, 113]. In
general, the synthesis of core-shell (perovskite) nanoparticles is conventionally carried
out in two successive steps: (1) the precipitation of the core nanoparticles and (2) the
creation of a perovskite shell around each nanoparticle. Liu and coworkers prepared
spinel ferrite-perovskite core-shell nanoparticles like Fe3O4/PbTiO3, γ-Fe2O3/PbTiO3,
γ-Fe2O3/Pb(Zr,Ti)O3, CoFe2O4/BaTiO3, CoFe2O4/PbTiO3 and CoFe2O4/Pb(Zr,Ti)O3
by combining a solvothermal route with conventional annealing [23]. Figure 2.20 shows
the high-resolution TEM (HRTEM) image of the core-shell structure of γ-Fe2O3/PbTiO3.
After the coating, the ferroelectric layer dramatically affects the crystal structure, resis-
tivity and magnetic properties of the composites. A similar approach was proposed by
Buscaglia and coworkers, who reported on the preparation of γ-Fe2O3@BaTiO3 [114]
and Ni0.5Zn0.5Fe2O4@BaTiO3 [115] core-shell submicron particles.
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Figure 2.16: Schematic core-double shell nanoparticle emphasizing the importance of synthe-
sis, characterization and application. The properties of the core and coating 1 are selective to
the demand of the physics (e.g., optical and dielectric); the coating 2 is selected in view of the
interaction with the surrounding medium (e.g., hydrophilic or hydrophobic) [17].
2.5 Concluding remarks
From the above study it can be concluded that nanoparticles and core-shell nanoparticles have
lots of importance in different important areas especially biomedical, pharmaceutical, and
electronics. Therefore, during the years different research groups have been trying to synthe-
size core@shell particles by different routes. But in all methods there are some limitations
either particle separation is difficult or reaction steps are complicated. But in a hydrophobic
organic surfactant medium it is easy to separate the particle after complete reaction and it
is also cost effective. People have tried to synthesize particles in organic medium but most
of them are mainly for single composite pure particles. Much less literature is available on
core@shell nanoparticle synthesis in an organic surfactant medium.
In this thesis, we are trying to synthesize nanoparticles by using an “organosol” route that
also provides a platform to produce nanoparticles with core@shell structures. Specifically
we chose BaTiO3 nanoparticle as both core and shell material with the intension to produce
multifunctional BaTiO3-based systems with a core@shell nanostructure. It is necessary to
control the thickness of the shell to obtain shell behaviors while maintaining core properties.
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Figure 2.17: Schematic illustration of the preparation of (a) magnetically recoverable hetero-
geneous nanocatalyst Fe3O4@SiO2-APTES(Fe(acac)2) [18], (b) BaTiO3/low melting glass
core-shell nanoparticles [19], and (c) Ag@SiO2@TiO2 triplex core-shell nanoparticles [20].
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Figure 2.18: (I) The scheme of Preparation process of BaTiO3@Au nanoshells. (II) UV-vis
absorption spectra: (a) gold nanoparticles by Weiser method, characteristic SPR of λ = 517
nm, (b) BaTiO3@Au seed, and (c) BaTiO3@Au nanoshell, SPR red shift to 750 nm [21].
Figure 2.19: Schematic of the two-step approaches used for the fabrication of core-shell fer-
rite/perovskite nanoparticles by soft-solution routes [22].
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Figure 2.20: (a) TEM image of γ-Fe2O3/PbTiO3. (b) HRTEM of a γ-Fe2O3/PbTiO3
core@shell particle. (c) Position dependence of Fe, Pb and Ti elements from center to edge of




The discussion in this section is focused on the fundamentals and basic principles of the char-
acterization methods. Technical details, operation procedures, and instrumentations are not
the subjects of discussion here. The intention of this section is to provide a short summary.




Electron microscopy is a technique of characterizing materials down to the atomic level. It
has been serving as a powerful tool for analyzing and constructing new nanomaterials such as
carbon nanotubes, metal and semiconductor quantum dots, and nanowires. We can broadly
divide electron microscopy into two categories: Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM).
3.1.1.1 Fundamentals of SEM
SEM is a type of electron microscope capable of producing high resolution images of a sam-
ple surface. It complements optical microscopy for examing and interpreting microstructure
texture, topography, surface features and chemical composition (< 1 µm). In SEM, electrons
from the electron gun are focused to a small spot on the sample surface, 5 to 10 nm in diam-
eter. The electron beam scans the sample like the spot on a television screen. Most of the
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SEM operate at several to several tens of kilovolts. The resolution of a state-of-the-art field-
emission SEM is around 5 nm. A schematic diagram of an SEM apparatus is given in Figure
3.1. A detailed description of the technique and background theory can be found elsewhere
[119–121]. Image formation in SEM depends on the acquisition of signals produced from
the electron beam and specimen interactions (Figure 3.2). The types of signals produced by
an SEM include secondary electrons (SE), back-scattered electrons (BSE), and characteris-
tic X-rays. The most widely used signal produced by the interaction of the primary electron
beam with the specimen is the SE emission signal. When the primary beam strikes the sample
surface causing the ionization of specimen atoms, loosely bound electrons may be emitted.
These are referred to as secondary electrons. BSE are beam electrons that are reflected from
the sample by elastic scattering. BSE images can provide information about the distribution
of different elements in the sample. In addition to imaging versatility, SEMs are often cou-
pled with X-ray analyzers, energy dispersive X-ray spectrometer (EDX or EDS). When an
energetic electron beam is incident on the sample, X-rays are emitted when the electron beam
removes an inner shell electron from the sample, causing a higher energy electron to fill the
shell and release energy. These characteristic X-rays are used to identify the composition and
measure the elements present in the sample.
SEM analyses for our samples were performed with a FEI Quanta 400 FEG Environmental
Scanning Electron Microscope (ESEM) (Figure 3.3). This microscope is equipped with a field
emission gun, operating at an accelerating voltage variable from 0.5 to 30 kV, with a claimed
resolution of 2 nm. The instrument can be used in high vacuum mode (HV), low-vacuum
mode (LV) and the so called ESEM (Environmental SEM) mode. The instrument is fitted with
an EDAX Genesis energy-dispersive X-ray spectrometer for elemental analysis. Qualitative
and quantitative analysis, elemental mapping and line scans can be performed.
For conventional imaging, specimens must be electrically conductive, at least at the sur-
face, and electrically grounded to prevent the accumulation of electrostatic charge at the sur-
face. Nonconductive specimens tend to charge when scanned by the electron beam, and es-
pecially in secondary electron imaging mode, this causes scanning faults and other image ar-
tifacts. They are therefore usually coated with an ultrathin coating of electrically-conducting
material, commonly gold, deposited on the sample either by low vacuum sputter coating or by
high vacuum evaporation. Conductive materials in current use for specimen coating include
gold, gold/palladium alloy, platinum, iridium, tungsten, chromium and graphite. Coating pre-
vents the accumulation of static electric charge on the specimen during electron irradiation.
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Figure 3.1: Schematic diagram of a scanning electron microscope [24].
3.1.1.2 Fundamentals of TEM
TEM is one of the most important tools of nanotechnology for imaging nanomaterials with
sub-nanometer resolution (High-Resoluion TEM). It provides access to much information
about the sample, such as analysis of crystalline defects and interfaces at the atomic scale,
multilayers, nanoscrystals and nanostructures.
In comparison to SEM, TEM uses the transmitted electron signal. In order to get any in-
formation using TEM, the specimens have to be electron transparent (< 100 nm). The typical
acceleration voltage is 80-200 kV. The electrons are emitted from a thermionic electron emit-
ter. The illumination aperture and the area of specimen illuminated are controlled by a set of
condenser lenses (Figure 3.4). The function of the objective lens is either image or diffraction
pattern formation of the specimen. TEM diffraction patterns are used to identify the crystal
structure and lattice repeat distance (Figure 3.5). In our case, the image mode is used to inves-
tigate the size and distribution of the nanoparticles. The crystalline structure is studied by the
diffraction mode. A detailed description about TEM can be found elsewhere [121–123].
The FEI Tecnai F20 TEM is used to get information regarding particle size, particle shape
and crystal structure (Figure 3.6). It has a maximum operating voltage of 200 kV, with a
point-to-point resolution of 0.24 nm and lattice resolution of 0.14 nm. Three sample holders
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Figure 3.2: The typical spatial resolution of different signals, secondary electrons, backscat-
tered electrons and X-rays, in the scanning electron microscope [25].
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Figure 3.3: FEI Quanta 400 FEG Environmental Scanning Electron Microscope.
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Figure 3.4: Ray diagram of a transmission electron microscope for imaging and diffraction.
are available: a standard, room-temperature holder, a high-tilt tomography room-temperature
holder, and a Gatan 626 high-tilt Cryo-sample holder. The microscope is equipped with a
CCD camera for STEM, HAADF detector, and EDAX EDX, and is also equipped with the
FEI Xplor3D tomographic data acquisition software.
3.1.2 X-ray Powder Diffraction
The X-ray powder diffraction (XRD) is a routine technique used for the characterization of
crystalline solids and determination of their structure, e. g. how the atoms pack together in the
crystalline state and the size and the shape of the unit cell, etc. It is a non-destructive technique
and requires no elaborate preparation of samples.
An expanded view of the diffraction of X-rays from the repeating planes of atoms in a
crystalline structure is shown in Figure 3.7. Powder diffraction patterns are typically plotted
as the intensity of the diffracted X-rays vs. the angle θ -2θ geometry. Peaks will appear in
the diffraction pattern at 2θ values when constructive interference is at a maximum, that is,
when Bragg’s Law (nλ = 2dhklsinθ ) is satisfied, where θ is the angle between the incident
beam and scattering planes, dhkl is the spacing between the planes in the atomic lattice, n is an
integer determined by the order give, and λ is the wavelength of the incident X-ray beam.
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Figure 3.5: Schematic of a beam incident on a pair of planes separated by a distance d, and
Electron diffraction pattern of a polycrystalline sample [26].
In our experiments a Siemens D-5000 X-ray powder diffractometer (λ = 1.5418 Å (Cu
Kα)) was used (Figure 3.8). During data collection, the sample remains in a fixed position
and the X-ray source and detector are programmed to scan over a range of 2θ values. The
working conditions were typically: 2θ scanning between 20° and 90°, with a 0.01° step and
a scanning speed of 1°/sec. By measuring the 2θ values for each diffraction peak, we can
calculate the d-spacing (the distance between the diffracting planes) for each diffraction peak.
A PC with the Bruker DiffracPlus software suite installed controlls the diffractometer. The
diffractograms are analysed by evaluation program EVA 3.0 of package Diffrac Plus Basic
from Bruker Analytical X-ray systems. The phases are identified using JCPDS files.
3.2 Chemical Characterization
3.2.1 Ultraviolet-visible Spectroscopy
Ultraviolet-visible (UV-Vis) spectroscopy refers to absorption spectroscopy or reflectance
spectroscopy in the UV-Vis spectral region (i.e 200nm-800nm) of the electromagnetic spec-
trum. In this region of the electromagnetic spectrum, atoms, ions or molecules undergo elec-
tronic transitions from ground state to excited state. The absorbed or transmitted light for given
material is the characteristic of its chemical structure. A spectrum is a graphical representa-
tion of the amount of light absorbed or transmitted by matter as a function of the wavelength.
The UV-Vis spectrometer records absorption, A, as a function of the incident light wavelength
[124]. The analysis is based on Beer-Lambert law (Eq. 3.1).
A(λ ) =−log( I
I0
) = ε ·b · c (3.1)
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Figure 3.6: FEI Tecnai F20 Transmission Electron Microscope.
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Figure 3.7: A graphical representation of X-ray Radiation Diffracting from crystal planes and
what Bragg’s law represents.
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Figure 3.8: Siemens D5000 Powder X-ray diffractometer.
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Figure 3.9: UV-2600-Shimadzu UV-Vis spectrophotometer.
where I0 is the incident light intensity, I is the resulting intensity, A (dimension less quan-
tity) is the absorbance, b (cm) is the cell path length, c is concentration (moles/liter) of the
solution and ε is the molar absorptivity (liter/mole/cm).
With respect to nanoparticle analysis, UV-Vis spectroscopy is particularly effective in
cases where the surface plasmon resonance of metal nanoparticles is in the visible spectrum. It
is a useful technique which allows to estimate the nanoparticle size, concentration, and aggre-
gation level. As a part of this research work, a UV-2600-Shimadzu UV-Vis spectrophotometer
was used for optical characterization of the synthesized nanoparticles (Figure 3.9). The UV-
Vis measurements spanned a wavelength range from 200 nm up to 1.400 nm. The containers
for the sample and reference solution must be transparent to the radiation which will pass
through them. Quartz cuvettes are required for spectroscopy in the UV range. These cells are
also transparent in the visible range. The cuvettes are rectangular and 1 cm of interior width.
This width is the path length (b) in the Beer-Lambert law.
3.2.2 Fourier Transform Infrared Spectroscopy
Fourier transform infrared (FT-IR) spectroscopy is an excellent chemical analytical tool due
to the correlation between the wavenumbers at which a molecule absorbs infrared radiation
and its structure. According to this correlation, the structure of unknown molecules can be
identified from its infrared spectra, as well as quantitative information can be also provided,
such as the concentration of a molecule in a sample. Infrared radiation is electromagnetic ra-
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Table 3.1: Characteristic IR Absorption Frequencies of Functional Groups Containing a Car-
bonyl (C=O).
diation which covers the wavenumbers between 13300 cm-1 and 3.3 cm-1. The infrared region
is usually divided into 3 regions: near-infrared (13300 - 4000 cm-1), middle-infrared (4000 -
200 cm-1) and far-infrared (200 - 3.3 cm-1) regions. Organic compounds have fundamental
vibration bands in the mid-infrared region, which is why the region is widely used in infrared
spectroscopy [125]. Table 3.1 shows the characteristic IR Absorption frequencies of some
functional groups containing a carbonyl (C=O).
In this research work FT-IR spectra were measured out on a Bruker Vertex 70 spectrometer
(Figure 3.10) in the range 4000 - 400 cm-1 using transmittance (%) - wavenumber (cm-1)
dependence and higher precision running parameters: spectral resolution better than 0.01 cm-1,
photometric accuracy better than 0.1%, and OPUS v.6.0 software for the spectra acquisition.
All spectra were baseline corrected. The samples were prepared in KBr (potassium bromide)
pellets.
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Figure 3.10: Bruker Optics Vertex 70 FTIR Spectrometer.
3.3 Particle Charge Characterization
One of the most important parameters in the colloidal system is the surface charge of the
nanoparticles. Nearly any surface of the nanoparticles carries ionic charge. When it is suf-
ficiently high nanoparticles repel each other keeping a dispersion stable. If it is low, the
nanoparticles of the dispersion may coagulate. When suspended in water, the nanoparticle sur-
face charge is immediately compensated by surrounding ions, forming an electrostatic double
layer (Figure 3.11) [126]. A means of investigating their surface charges is highly desirable in
order to try to predict and control their behaviour during preparation, processing and applica-
tion. A valuable parameter in this respect and one which can be easily determined is the zeta
potential, ζ , which exists at the effective boundary between the particle and its surrounding
medium.
3.3.1 Charge Titration
The Stabisizer® instrument opens the door to particle charge analysis. The interface potential
of particles is measured as streaming/zeta potential and represents the degree of electrostatic
repulsion between particles [127]. The Stabisizer® particle charge titration system is based
on the well established oscillating streaming potential method (Figure 3.12 (b)). The surface
charge is related to the so-called streaming potential (SP) of the suspended particles inside a
narrow capillary. In this research work, both streaming potential (mV) and pH are measured
simultaneous using the Stabisizer PMX 200C set-up from Particle Metrix GmbH (Figure 3.12
(a)). Prior to measurement, the Teflon beaker and pistons were cleaned with piranha solution
62 Characterization Techniques for Nanoparticles
Figure 3.11: Schematic representation of the distribution of ions around a charged particle in
solution.
(H2SO4:H2O2=3:1) and then rinsed with ultrapure water. 10 µL of the sample (BaTiO3 or
BaTiO3@SiO2) was dispersed into 10 ml of 10 mM KOH solution. Then this solution was
poured in to the Teflon beaker. This beaker has two electrodes - anode and cathode. A pH
meter was fixed to the beaker in such a way that it can come into contact with the solution.
An apropriate piston was immersed into the beaker and the mixture was titrated with 5 mM
HCl till pH 2. When the dispersion is titrated versus pH, the iso-electric point (IEP) is the pH
with 0 mV potential. The iso-electric point (IEP) of any nanoparticle dispersion is seen as the
maximum point of instability (Figure 3.13).
Further to the surface potential measurement capabilities of the system PMX 200C, a dy-
namic light scattering (DLS) size measurement is available as an option. The PMX 200CS is
the model equipped with a 180° DLS Nanotrac® probe (Figure 3.12 (a)) for measuring the
size and size distributions in the range of 0.8 nm to 6.5 µm.
3.3 Particle Charge Characterization 63
Figure 3.12: (a) Stabisizer PMX 200C and (b) sample cell with oscillating piston and oscillat-
ing streaming potential (SP) that is proportional to the zeta potential of the particles.
Figure 3.13: Effect of pH on Zeta Potential [27].
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Chapter 4
Low-temperature synthesis of crystalline
BaTiO3 Nanoparticles by one-step
"Organosol”-precipitation
4.1 Abstract
The “Organosol”- precipitation method is proposed to produce nanosized particles of barium
titanate (BaTiO3) at temperatures as low as room temperature. The advantages of this method
are a high yield, a simple but precise control of the size of the particles, low process temper-
ature, short reaction time, as well as low cost of reagents. The particles were systematically
characterized by powder X-ray diffraction (XRD), Raman scattering, scanning electron mi-
croscopy (SEM), high-resolution transmission electron microscopy (HRTEM), thermogravi-
metric thermal analysis (TGA/DSC), infrared spectroscopy (IR), and impedance analysis. The
nearly uniform sized BaTiO3 nanocrystals exhibit granular shape of around 15 nm in diame-
ter. Oleic acid retards crystallization and thus allows generating a uniformly small grain size
and excellent dispersibility in organic solvents. The surface energy of the particles is modified
and crystallization in cubicles also arises. The mechanism of powder formation is discussed.
The method offers an alternate low-cost route to perovskite nanopowders easily dispersed in
organic media.
4.2 Introduction
With the recent demands placed on cellular and mobile technologies the need for nanoparti-
cles of highly engineered materials has increased. The high volume, low cost, and superior
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properties of passive electronic components requires that precision powders for electronic
components are inexpensive, of high quality, and can be produced at high yield. The synthesis
of high quality powders of high dielectric constant, especially perovskite structured materi-
als, has been of specific interest. The dependence of volumetric capacitance of a multi-layer
ceramic capacitor (MLCC) on the thickness of the active layer is well-documented. Nanopar-
ticles and their assembly provide potential to reduce layer thickness below the current standard
of 1 µm [4, 128, 129]. Much work on a variety of synthesis routes for the synthesis of barium
titanate (BaTiO3) nanoparticles has appeared recently. Solid-state carbonate reactions [130],
a modified Clabaugh process [131], and low temperature direct synthesis (LTDS) [53] and
several other routes [132–134] have all been investigated. The first two routes are common
commercial methods used to produce powders, however each require further processing, ei-
ther milling or calcination, to produce nanoscale BaTiO3, while powders produced by LTDS
have a high hydroxyl defect concentration and a low Ba/Ti ratio. More recently Brutchey et
al. [135–138] utilized a vapour diffusion sol-gel route that offers a very low temperature (16
°C), economical and environmental friendly pathway to 6 nm BaTiO3 nanoparticles. How-
ever, it could be difficult to enlarge the reaction scale by using this method (e.g. in terms of
cost feasibility). In this work, the “organosol” route is proposed to produce nanosized parti-
cles of BaTiO3 at temperatures as low as room temperature. The advantages of this method
are a high yield, a simple but precise control of the size of the particles, low process tem-
perature, short reaction time, as well as low cost of the reagents. Under the correct synthesis
conditions powders can be produced with low defect concentrations and controlled stoichiom-
etry that requires no further processing making “organosol” synthesis an excellent choice for
the commercial synthesis of BaTiO3. Furthermore, the interest in undertaking this work was
to synthesize BaTiO3 nanoparticles with good dispersibility in organic media. Because the
hydrophobic BaTiO3 nanoparticles not only yield improved compatibility for homogeneous
dispersions in polymer matrix layers, but also acted as inorganic fillers in polymer-based com-
posites to increase the effective dielectric constant. The as-prepared BaTiO3 nanocrystals
exhibit a granular shape of around 15 nm in diameter. Oleic acid retards crystallization and
thus allows generation of a uniformly small grain size and excellent dispersibility in organic
solvents. The surface energy of the particles is modified and crystallization in cubes also
arises. The mechanism of powder formation will be discussed below.
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4.3 Experimental Details
4.3.1 Preparation of a barium titanium oleate precursor
All chemicals were reagent grade and used without further purification. Barium acetate
(Ba(CH3COO)2, Ba(OAc)2, 99%, Sigma-Aldrich, Steinheim, Germany) and titanium iso-
propoxide (Ti(OCH(CH)2)4, Ti(OiPr)4, 97%, Sigma-Aldrich, Steinheim, Germany) were used
as the barium and titanium sources, respectively. Oleic acid ((CH2)7CH]CH(CH2)2COOH or
RCOOH/OA, 65-88%, Sigma-Aldrich, Steinheim, Germany) and toluene were used as the
surfactant and organic solvent in precursor preparation, respectively. Figure 4.1 is a flow di-
agram of the procedure used in the synthesis. The total concentration of the precursor was
0.2 M with a molar ratio of Ba : Ti of 1 : 0.93. Degassed distilled water was utilized as an
additional agent for preparing 4 M NaOH solution. A sketch of the experimental process is
shown in Figure 4.2 according to the following chemical reactions:
Substitution:
Ti(OiPr)4+RCOOH → Ti(OiPr)4−x(OOCR)x+ xPrOH (4.1)
Ba(OAc)2+RCOOH → Ba(OOCR)2+HOAc (4.2)
Nucleophilic attack by RCOO-
Ti(OiPr)4−x(OOCR)x+Ba2++2RCOO−→ [Ti(OiPr)4−x(OOCR)x+2]2−+Ba2+ (4.3)
To simplify notation: [Ti(OiPr)4−x(OOCR)x+2]2−→ [Ti(OR´)6]2−
Strongly alkaline condition:
[Ti(OR´)6]2−+6OH−→ [Ti(OH)6]2−+Ba2+→ BaTiO3+H2O (4.4)
RCOO−+Na+→ RCOONa
2.55 g of barium acetate were suspended in a solution of 60 ml oleic acid. First, argon
gas was flowed through the entire reaction system at a constant rate for 1 hour. Then the
suspension was heated up to ca. 450 °C (reflux temperature) under argon atmosphere at which
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Figure 4.1: A schematic procedure for synthesis of BaTiO3 nanoparticles.
point a bright yellow transparent solution of barium oleate was formed. After cooling to 80-
100 °C under argon flow, 2.75 ml Ti(OiPr)4 and 80 ml toluene solution were quickly moved
into the reaction chamber under magnetic stirring to obtain an orange transparent solution of
a barium titanium oleate complex precursor. This fresh organic precursor solution was stirred
for 2 hours under argon atmosphere to produce a homogeneous solution.
4.3.2 Synthesis of BaTiO3 nanoparticles
The above barium titanium oleate complex precursor was mixed with 100 ml of 3 M NaOH
(pH > 13). Immediately, a slightly yellow-white slurry was formed. The excess liquid was re-
moved by vacuum filtration, and the dried slurry was kept in a vacuum drying oven at various
reaction temperatures (25 °C, 40 °C, 60 °C, 80 °C and 100 °C) for 12 hours for solidification
and crystallization. The dried powders were washed with methanol and acetone while per-
forming ultrasonic treatment for 20 minutes to get rid of the “free” oleates. After centrifuging,
as-prepared BaTiO3 nanoparticles were collected. The three subsequent treatment conditions
used were: I) calcination, II) washing, and III) washing and calcination. Ethanol /1 % acetic
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Figure 4.2: Schematic diagram of the synthesis procedure and treatment conditions of the
BaTiO3 nanoparticles: (a) calcination and (b) acid-treatment and calcination.
72 Low-temperature synthesis of BaTiO3 Nanoparticles by the "Organosol” Route
acid (v/v ≈ 1:1) mixtures were used for washing under ultrasonic treatment for 20 minutes in
order to remove surfactants coated on the nanoparticle surfaces, the remaining sodiu m ions, as
well as BaCO3 impurities from the BaTiO3 powders. The washed BaTiO3 nanoparticles were
re-dispersed in toluene. This sequence of re-dispersion in toluene and centrifuging to separate
the solvent was repeated three times. Finally, the washed BaTiO3 nanoparticles could be well
dispersed in organic solvents. This procedure was sufficient to produce a dispersion of 20 nm
diameter BaTiO3 nanoparticles suspended in chlorobenzene with no additional surfactant in
the solution.
4.3.3 Powder characterization
The as-prepared and heat-treated nanoparticles were analyzed by thermogravimetric analy-
sis (TGA, METTLER TOLEDO TGA/DSC 1 Star System), Fourier transform infrared spec-
troscopy (FT-IR, FTS 175), X-ray diffraction (XRD, Siemens D5000, CuKα , 40kV, 40 mA),
scanning electron microscopy (SEM, Quanta 400 FEG), high resolution transmission electron
microscopy (HR-TEM, Tecnai F20), and Raman scattering (BRUKER RFS 100/S, 514.5 nm,
600 mW). Particle size distributions were calculated on a number basis using image analysis
software (Scion Image Beta 4.0.2, Scion Corporation, Fredrick, MD). Particle morphology
and size were determined using high resolution transmission electron microscopy and scan-
ning electron microscopy. Phases present and other physical properties were determined using
a variety of characterization techniques. X-ray diffraction (XRD) was used to determine the
solid phases present. The diffracted CuKα X-ray radiation (λ = 1.54178 Å) on the sample
surface was collected using a continuous scanning at ~ 0.8°/min from 20° to 80°. Density
measurements were performed using helium pycnometery (Multivolume Pycnometer 1305,
Micromeritics, Norcross, GA). TEM analysis was performed using holey-carbon film on Cu
grids (Electron Microscopy Sciences, Fort Washington, PA) as the sample holder. A single
drop of dilute suspension was placed on each TEM grid. For FT-IR samples, 15 mg of BaTiO3
powder was added to 285 mg of KBr powder and ground in a mortar and pestle to give a fine
mixture. In order to evaluate the dielectric permittivity of BaTiO3 nanoparticles the washed
BaTiO3 powder (with particle size 15 nm according to TEM data) was uniaxially pressed at
520 MPa (1.5 tons) into disks (6 mm in diameter, 0.6 mm thick). The disk surfaces were
ground gently and a conductive silver paste was applied to the flat surfaces and fired in a vac-
uum oven at 120 °C for 8 h to assure that there was no remaining water in the sample. These
disks were then filled with epoxy resin (EpoFix Resin UN-no.3082 and EpoFix hardener UN-
no. 2259) to avoid penetration of ambient air during measurement. These epoxy-filled disks
can be further heated to a temperature above about 100 °C to melt the epoxy resin so that it
filled the spaces between the particles. The dielectric measurements were performed at room
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temperature using a Solartron 1260 impedance analyzer with dielectric interface 1296.
4.4 Results and discussion
4.4.1 Preparation of oleate-modified BaTiO3 crystallites with various sizes
The successful formation of BaTiO3 nanoparticles is attributed to the modification of Ti(OiPr)4
to Ti(OiPr)4−x(RCOO)x, a process comparable to the formation of the titanyl-acylate-type
precursor which was formed by reacting Ti(OiPr)4 with acetic acid [139–142]. As reported in
the literature, Ti(OiPr)4 can readily react with oleic acid to generate yellow oleic acid-titanium
complexes Ti(OiPr)4−x(C17H33COO)x at 80 °C in which one or more isopropoxide groups are
replaced with an oleate ligand with concomitant release of isopropyl alcohol (See Eq. 4.1)
[143, 144].
The mechanism of formation of Ti(OiPr)4−x(C17H33COO)x was studied by FTIR spec-
troscopy. A doublet of stretching bands around 1500 cm-1 (νas (COO) at 1560 cm-1 and νs
(COO) at 1440 cm-1) that corresponds to bidentate oleate ligands (C17H33COO-) linked to ti-
tanium is expected [145–148]. Figure 4.3 (a) and (b) show the FTIR spectra of pure oleic acid
and the mixture of Ti(OiPr)4 (0.01 mol) and oleic acid (0.06 mol) after 1 hour at 80 °C, respec-
tively. A characteristic C=O stretching band of oleic acid appears at 1710 cm-1 in Figure 4.3
(a). The decrease in intensity of the free C=O stretching band after adding Ti(OiPr)4 in Figure
4.3 (b) shows that oleic acid has reacted with Ti(OiPr)4. A new strong band appearing at ~
1558 cm-1 is attributed to the asymmetric COO- stretching vibration, indicating the coordina-
tion of oleic acid to titanium centers to form titanium oleate complexes by ligand substitution.
The symmetric COO- stretching band at ~ 1440 cm-1 is usually difficult to locate due to its
overlap with C-H bending vibrations at 1467, 1450, and 1375 cm-1 (attributed to symmetric
CH2, asymmetric CH3, and symmetric CH3 in oleate, respectively [145]). Another character-
istic C=O stretching vibration of isopropyl oleate at 1735 cm-1 also can be observed [146]. The
by-product, isopropyl oleate, was generated either by nonhydrolytic elimination/condensation
of unstable Ti(OiPr)4−x(C17H33COO)x, which can remove some of the oleate and isopropox-
ide ligands together, or by a slow esterification reaction between the reactant oleic acid and
the released isopropyl alcohol. Figure 4.3 (c) shows the FTIR spectrum of a methanol-wash
precipitate from the reaction mixture of oleic acid with Ti(OiPr)4 after adding Tetramethy-
lammoniumhydroxid (TMAH), used as a precipitating agent. As a result, the asymmetric and
symmetric COO- stretching bands at ~ 1558 cm-1 and ~ 1435 cm-1 can be clearly observed
after the complete removal of any unreacted oleic acid and isopropyl oleate from the reaction
system. In our case, the frequency separation (△ ν < 130 cm-1) between the νas (COO-) at
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1558 cm-1 and νs (COO-) at 1435 cm-1 suggests that C17H33COO- acts as a bidentate chelating
ligand [145, 149].
In the “organosol”, Ba2+ ions were distributed homogenously over the titanium oleate pre-
cursor matrix so that Ba2+ ions are surrounded by many oxygen ions in octahedral coordination
to titanium in addition to the two oleate ligands belonging to them. The mixing of the above
precursors with NaOH causes formation of a stabilized complex of titanium [Ti(OH)6]2- (See
Eq. 4.3) that can react with Ba2+ ions according to Eq. 4.4. We believe that the soluble Ba2+
ions cover the surface of the [Ti(OH)6]2- and are then incorporated into the titanium structure
to counterbalance the negative charge, causing the rupture of Ti-O-Ti and formation of Ti-O-
Ba bonds [150]. Thereafter, the precipitates will grow in a ripening process. At first, optimum
conditions for formation of BaTiO3 using the “organosol” route were screened at various re-
action temperatures at 25 °C, 40 °C, 60 °C, 80 °C and 100 °C in vacuum, denoted as sample
A1(25 °C), A1(40 °C), A1(60 °C), A1(80 °C), and A1(100 °C), respectively. XRD patterns
(Figure 4.4 (a)) confirm that the BaTiO3 nanoparticles prepared at all temperatures in vacuum
are in the perovskite phase. Even the particles prepared at room temperature are crystalline,
however with formation of a BaCO3 impurity phase. It was also observed that the diffraction
peak intensities do not change markedly with elevation of the reaction temperatures from 40
to 80 °C. For samples prepared at temperatures above 100 °C the crystallinity was further
improved. Simultaneously, the (111) peak shifts to higher 2θ . Figure 4.4 (b) illustrates the
relation between the reaction temperatures, lattice constant a, and the crystallite size, d. The
latter was estimated from the width of the diffraction peaks using the Scherrer equation,
△ (2θ) = Kλ
dcosθ
(4.5)
where △(2θ ) is full width at half maximum (FWHM) for the peak situated at 2θ angle, λ=
1.54056 Å is the wave length of CuKα radiation, and K is the Scherrer constant. For spherical
particles with cubic symmetry K = 0.9 [151]. Intriguingly, both the crystallite size and the
lattice parameter of the BaTiO3 powders first expand as the reaction temperature is increased
to 40 °C and then shrink with increasing reaction temperatures up to 100 °C.
It is well known that many factors, such as defects and impurities in the grain lattice
of powders can affect the lattice parameter of the powder. Unfortunately, unavoidably the
hydroxyl (OH-) defects often exist in the lattice of BaTiO3 chemically prepared at very low
temperature [152]. Thus, this abnormal crystallographic feature of the as-prepared BaTiO3
particles is assumed to result from lattice defects, due to OH- incorporation in the unit cell.
While the OH- content is not concluded to be responsible entirely for the cubic structure of
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Figure 4.3: FTIR spectra of (a) pure oleic acid; (b) a mixture of oleic acid and Ti(OiPr)4 after
treatment at 80 °C (Oleic acid/Ti(OiPr)4 = 6); (c) a methanol-wash precipitate from the same
mixture after further TMAH treatment.
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Figure 4.4: (a) XRD patterns of A1(25 °C), A1(40 °C), A1(60 °C), A1(80 °C), and A1(100
°C) samples (Inset: wide-angle XRD patterns for BaTiO3 (111) peaks), and (b) crystal size
and lattice parameter vs. the reaction temperature.
4.4 Results and discussion 77
ultrafine BaTiO3, the defects are likely to strongly affect the measured cubic lattice parameter.
Reducing such kind of defects in the lattice remains a challenge in our BaTiO3 synthesis. A
second explanation can be found in an increased influence of surface tension on the lattice
parameter for nano-sized particles [153]. A high contractive surface tension will lead to a
compressive hydrostatic pressure and thus to a reduced lattice constant independent of the
chemical route and temperature treatment that leads to grain formation [154].
The as-prepared BaTiO3 nanoparticles are directly coated with oleic acid after synthesis.
The hydrophobic tails of oleic acid are directed outward, thereby forming oleophilic layers that
greatly enhance the dispersion of BaTiO3 nanoparticles in organic solvents such as tetrahy-
drofuran, chlorobenzene, and n-octane. In order to understand the adsorption mechanism of
the oleic acid on the surface of BaTiO3 nanoparticles, FT-IR measurements were carried out
on the oleate and as-prepared BaTiO3 nanoparticles (Figure 4.5 (c)). In the infrared spectrum
of the oleate the two sharp bands observed at 2924 and 2853 cm-1 are attributed to the C-H
symmetric and asymmetric stretch vibrations of the -CH2- and -CH3 groups in the hydropho-
bic chains of the oleic acid molecules. As mentioned previously, the C=O stretch band of the
carboxyl group, which is present at 1710 cm-1 in the spectrum of the pure liquid oleic acid, is
absent in the oleate. At the same time, two new bands appear at 1407 and 1545 cm-1, which
are characteristic of the COO- symmetric (νs (COO-)) and asymmetric stretch (νas (COO-))
vibrations. For the spectrum representing the as-prepared BaTiO3 nanoparticles, the bands oc-
cur at 2923, 2853, 1424 and 1563 cm-1, showing that oleate molecules are chemically bound to
the surface of the BaTiO3 nanoparticles. The difference between νas (COO-) and νs (COO-) is
138 cm-1, which is smaller than the difference between them for free carboxylate ions (ca. 188
cm-1) [145, 148]. Therefore we conclude that the oleate is bonded to the BaTiO3 nanoparticles
through chelating bidentate-type bonding.
4.4.2 Powder Characterization
In addition to the investigation of the BaTiO3 nanopowders prepared at different reaction tem-
peratures, the effects of washing and/or calcination on the particle properties, such as particle
size distribution, particle shape, and/or specific surface area were studied. In particular, the
sample A1 (25 °C) was treated by calcinations and/or by a two-step process of acid-treatment
and subsequent calcination. The treated samples were denoted as A2, A3, B1, B2, and B3,
respectively:
A1 (25 °C): BTO prepared at 25 °C,
A2 (550 °C): sample A1 calcined at 550 °C,
A3 (1050 °C): sample A1 calcined at 1050 °C;
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B1: washed sample A1,
B2 (550 °C): sample B1 calcined at 550 °C,
B3 (1200 °C): sample B1 calcined at 1200 °C.
Some properties of as-prepared BaTiO3 and treated BaTiO3 powders are given in Table
4.1. Parameters of XRD patterns, and IR and Raman spectra are summarized in Table 4.2.
The typical XRD patterns of the sample A1 (25 °C) and sample B1 are shown in Figure 4.5
(a). All the diffraction peaks can be indexed to the cubic perovskite structure of BTO in
good agreement with the literature value (cubic, JCPDS No.31-174). Strong and sharp peaks
suggest that BTO is highly crystalline. Besides, two small peaks corresponding to BaCO3
phase (orthorhombic, JCPDS No. 5-378) were observed at 24 ° and 29 ° in the as-prepared
powders. XRD data reveal that the washing of the as-prepared samples in diluted acetic acid
solution results in the pure BaTiO3 phase. According to the EDX measurements the Ba/Ti
molar ratio is ~ 1.07 and 0.80 in sample A1 and B1, respectively. The barium deficiency is
caused by the acetic acid treatments. At the same time, the lattice parameter (~ 4.04 A˚) and
FWHM of the (200)-peak (~ 4.7×10-3 rad) obtained from XRD data are the same before and
after the acetic acid washing. These results suggest that only Ba2+ ions near the surface of the
particles were lost by the acetic acid washing treatment.
The structure and particle size of B1 and B2 samples were also investigated by HRTEM
(Figures 4.6 and 4.7). Figure 4.6 (a) shows BaTiO3 nanocrystals with size around 13 nm.
The corresponding fast Fourier transform (FFT) patterns (Figures 4.6 (b, c)) could be indexed
according to the cubic BaTiO3 structure. The observed lattice spacing of 0.284 nm can be
assigned to the (011) series, which gives the cubic unit cell size a = 4.02 A˚. This value is
in good agreement with a = 4.04 A˚ determined by XRD (Table 4.1). Moreover, correspond-
ing electron diffraction shows a distinct ring pattern and can be completely indexed in the
BaTiO3 cubic Pm3m space group (Figures 4.6 (d) and 4.7 (d)). For the powder calcined at
550 °C HRTEM shows BaTiO3 nanocrystals of about 50 nm in diameter (Figure 4.7 (a)). As
can be seen from HRTEM and HAADF-STEM (High-Angular Annular Dark Field-Scanning
Transmission Electron Microscopy) images of sample B2 (Figure 4.7 (b, c)) the particles are
polycrystalline and consist of small native particles combined into small agglomerates. This
was also confirmed by SEM studies (Figure 4.8). To investigate the thermal behaviour of the
as-prepared BaTiO3 nanoparticles TGA-DSC measurements were performed. Representative
results are shown in Figure 4.6 (b). The total weight loss recorded between 25 and 1100 °C
was ~ 57 wt %. It consists of three main steps. The first step (up to 300 °C) can be attributed
to the endothermic desorption of physically adsorbed water as well as solvents. The second
step between 300 and 480 °C is characterized by the strongest weight loss and is due to the
























1.07 31% 37.2% – 26.6 4.04 4.74 –
A2 (550
°C)


















0.83 100 46.6 4.02 5.01 Irregular
B3 (1200
°C)
0.95 175 – 4.00 4.03
– Irregular
Table 4.1: Structural Properties of the BaTiO3 powders.
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Method A1 (25 °C) B1 Assignments Ref.
IR Wavenumber in cm-1 Vibrational modes
572 572 Ti–O [155]





1424 1423 ν(COO-) [145, 149]
1563 1562
2853 2852 ν(CH2) [145, 149]
2923 2922
3434 3434 ν(OH-) [156, 157]
XRD 2θ in degrees Main peak
24 No (111) assigned to BaCO3 Orthorhombica
31 31 (110) assigned to BaTiO3 Cubicb Pm3¯m
Raman Raman shift in cm-1 Mode symmetries
- 183 A1(TO), E(LO) Tetragonal Pm4m [158]
301 B1, E(TO + LO)
520 A1, E(TO)
725 A1, E(LO)
1060 BaCO3 [155, 159]
a JCPDS no. 5-378. b JCPDS no.31-174.
Table 4.2: Some characteristic features of IR, XRD, and Raman-spectra of the BaTiO3
nanopowders.
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Figure 4.5: (a) XRD spectra, (b) TGA/DSC measurements, (c) FTIR, and (d) Raman spectra of
as-prepared A1 and washed B1 samples. Inset to (a) shows the (200) XRD peak of the BaTiO3
powders directly calcined at 550 and 1050 °C (the upper panel) and washed and calcined at
550 and 1200 °C (the bottom panel).
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burning out of the oleate attached to the particles surface. The third step, for 480-800 °C,
can be attributed to the loss of chemically bonded OH- groups as well as partially to the loss
of carbonic residues [160, 161]. This interpretation is supported by the presence of a broad
exothermic peak between 410 °C and 800 °C in the DSC curve indicating the combustion of
organic residues in at least one exothermic reaction. Finally, the weight loss above 800 °C
indicates CO2 release during the endothermic decomposition of the BaCO3 by-product.
The presence of the internal OH- defects mentioned above and impurity BaCO3 in as-
prepared BaTiO3 nanoparticles was verified by FT-IR studies (Figure 4.5 (c)), which are con-
sistent with the results of TGA-DSC analysis. A broad band in the IR spectra ranging from
2700 to 3600 cm-1 suggests the presence of considerable amounts of H2O and OH- in the
particles [156, 157]. While a sharp band at 1445 cm-1 corresponds to the stretching vibration
of CO32-, which comes from the impurity phase of BaCO3 [156]. The sharp band observed at
572 cm-1 is assigned to the Ti-O vibration of BaTiO3. For the washed powder (B1) the bands
representing CO32- groups and organic species decreased significantly and were almost invis-
ible in the IR spectrum. Thus, according to the FT-IR data washing of as-prepared BaTiO3 in
dilute acetic acid leads to the liberation of the impurities from the BaTiO3 nanoparticles.
In comparison to XRD, Raman spectroscopy is a more sensitive technique to probe the
small tetragonal distortion in the local crystal structure. Figure 4.5 (d) gives a Raman spec-
trum of the washed BaTiO3 sample at room temperature. The peak centred at 1060 cm-1
corresponds to residual BaCO3 phase [155, 159] in agreement with the IR data. Even though
a perfect cubic symmetry forbids any Raman activity, the Raman spectrum in the paraelectric
phase of bulk BaTiO3 with broad bands centred at ~ 285 and 520 cm-1 has been reported at
temperatures up to 570 K [162]. It is considered as an indication of a strong local disorder due
to random displacement of Ti4+ ions at high temperatures. In our case, in addition to these
modes, peaks around 178, 305, and 716 cm-1 are observed, which are typical for tetragonal
BaTiO3, but have also been reported for BaTiO3 nanoparticles at room temperature [158]. This
indicates an acentric local structure (i.e., the local tetragonal symmetry) for the nanoparticles
of apparent macroscopic cubic structure according to XRD.
4.4.3 Calcination kinetics
SEM micrographs of as-prepared BaTiO3 and treated BaTiO3 nanoparticles are presented in
Figure 4.8. It is clearly visible that the as-prepared powder mainly consists of agglomerates
of primary particles with diameters of less than 20 nm which aggregate into polydispersed
clusters. The micrographs of the washed as well as washed and calcined samples (Figure
4.8 B1-B3 and Figure 4.9 B3) also show strongly agglomerated irregular nanoparticles with
neck formation and coalescence between the particles. However, the sample A1 (25 °C) di-
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Figure 4.6: (a) A High-resolution TEM image of two isolated BaTiO3 nanocrystals (sample
B1) and the corresponding FFT patterns (b) and (c), showing the single cubic phase, and (d)
the corresponding electron diffraction.
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Figure 4.7: (a) High-resolution TEM images of sample B2 and (b) the corresponding FFT
pattern, (c) HAADF-STEM (d) the corresponding electron diffraction.
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rectly calcined at 550 °C exhibits quasi-spherical nearly monodisperse particles. Although
the sample A2 showed a certain degree of agglomeration, no pronounced neck formation or
coalescence phenomena were observed.
The SEM images reveal a reduction of the average particle size for the directly calcined
sample A2 in comparison to that of the washed and calcined sample B2. Presence of carbon
on the particle surfaces of the sample A2 is found in the EDX spectra. This carbon seems
to originate from incomplete decomposition of oleate surfactants adsorbed on the BaTiO3
nanoparticles. A decomposition of the organic citrate with formation of carbon species has
often been observed for the synthesis of nanoparticles using organic percursors [163–165].
Such a layer encapsulates or isolates the nanoparticles and can prevent their growth [163].
Similarly in our case the carbon layers surrounding the BaTiO3 particles reduce their growth
and coalescence for the non-washed samples (Figure 4.2 (a)) yielding a smaller particle size
and a narrower size distribution compared to the washed samples.
When the non-washed BaTiO3 powder was calcined at 1050 °C (sample A3) both particle
growth and the conversion of existing spheres to cubes occurred, resulting in the formation of
significantly larger particles. The particles of cubic or brick shape with sizes of 1~2 µm were
observed (Figures 4.8 & 4.9, A3). This is in agreement with XRD, where a well-defined split-
ting of the (002) and (200/020) peaks characteristic of tetragonal BaTiO3 was observed (inset
of Figure 4.5 (a)). This type of grain growth kinetics is significantly different from the “nor-
mal” as seen in Figures 4.8, 4.9 and 4.10. A cuboidal grain shape has been reported for thin
film BaTiO3 synthesis on metallic titanium substrates via the glycothermal route [166]. Appar-
ently, the organic component on the grain surface facilitates cube formation. Thermodynamics
and growth kinetics jointly determine the shape of a nanocrystal [47, 167, 168]. Different rel-
ative specific surface energies associated with the facets of the crystal yield the driving force
for crystal growth while growth kinetics determine the final crystal shape. According to Refs.
[167] and [169], the assembly of [BO6] growth units is different at the {001}cub, {110}cub and
{111}cub interfaces during crystal growth for the perovskite structure ABO3. The washed sam-
ples (B-series) appear to exhibit regular crystal growth of approximately equal growth rates of
{001}cub, and {111}cub facets yielding close to spherical particles bounded by a correspond-
ing crystal facet area. The residues of the organic synthesis process induce preferred growth
of the {001}cub family of surfaces (A in Figure 4.10). The ledges (terminology according to
Ref. [170]) of crystal growth (C in Figure 4.10) appear to lie along <001>cub directions. In
the fully calcined non-washed samples {111}cub facets (B in Figure 4.10) are seldom found.
At certain instances terraces of crystal growth are seen (D in Figure 4.10). As expected for a
multigrain system growth conditions change during crystal growth yielding growth sectors of
Figure 4.9, A3 illustrated in Figure 4.9 (b) [170].
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The {111}cub and {001}cub faces of the perovskite structure differ significantly. The latter
contain cations as well as anions in each layer of growth, namely alternating TiO2 and BaO
units. The layer is thus always charge neutral. The former displays alternating termination in
charged layers, namely an oxide or a mixed cation layer. Thus, the chemical species adhering
to these two types of faces may under certain circumstances be quite different. This appar-
ently happens here in an organic environment during calcination. The exact chemistry of this
process remains an open question at this point.
4.4.4 Nanorods
In the samples A2 nanorods with variable aspect ratios, nanowires, or the mixture of nanosheets,
and nanorods which have smooth surface develop (Figure 4.11 (a)) beside the spherical BaTiO3
particles. The volume fraction of these one-dimensional nanostructures estimated from SEM
data was ~ 5 %. The diameters of the nanorods vary from 20 to 60 nm, while the lengths can
reach several microns. According to Refs. [171] and [172] these nanorods can be associated
with sodium titanate, Na2Ti6O13. The EDS spectra (Figure 4.11 (b)) clearly show that the
rods containe Na and Ti. The observed Ba peak might stem from nearby or underlying parti-
cles. Ba2+ ions could also be incorporated into the sodium titanate structure. The unwanted
nanorods could be completely removed by diluted acetic acid.
4.4.5 Dispersion properties in organic solvents
Often commercial BaTiO3 nanoparticles are aggregated and show poor dispersion capabilities
in most organic media. This limits the use of low-cost, solution processing techniques, such
as spin coating, spraying, and evaporative self assembly [173]. In order to identify the sol-
ventphilic properties of our pure BaTiO3 nanoparticles which have been washed with 0.2 %
acetic acid, the washed BaTiO3 nanoparticles were dispersed in binary solvents of water and
chlorobenzene. Note that chlorobenzene has a higher density and forms a bottom layer in a
beaker, and that the water phase stays above chlorobenzene. Figure 4.12 (a) shows that the
washed BaTiO3 still remains stable in the organic phase. It is possible to create an amorphous
inorganic titanium shell around BaTiO3 core during washing [69, 174]. The washed BaTiO3
still maintains the hydrophobic properties. In addition to chlorobenzene, organic solvents with
low polarity such as benzyl alcohol, toluene, DMF and THF were also found to be good disper-
sion media for the washed BaTiO3 nanoparticles (Figure 4.12 (b-f)). Although the dispersion
stability of the washed BaTiO3 nanoparticles is good in organic solvents, however, there are
large difficulties in re-dispersing them into the original solvents near to their primary particle
size once dried. The nanoparticles strongly aggregated when collected as dried powder.
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Figure 4.8: Effect of acid washing and thermal treatment on crystal morphology. SEM mi-
crophotographs from samples: A1 (25 °C), A2 (550 °C), and A3 (1050 °C); B1 (washed
sample A1), B2 (washed and calcined at 550 °C), and B3 (washed and calcined at 1200 °C).
88 Low-temperature synthesis of BaTiO3 Nanoparticles by the "Organosol” Route

Figure 4.9: (a) SEM microphotographs from sample A3 (1050 °C) and B3 (1200 °C), (b)
Illustration of intermittent growth sectors indicating repeated changes in growth conditions as
visible on the cuboids of sample A3. c,Springer [28].
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Figure 4.10: (a) SEM microphotograph of two grains in a sample A3 exhibiting growth marks,
(b) corresponding sketch: A 100-face, B 111-face, C 110-groth ledge, D terrace seed, E terrace
(or hole) stopping (or generating) growth ledges.
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Figure 4.11: (a) SEM microphotograph of one-dimensional nanostructures in sample A2, (b)
corresponding EDX spectra measured for spherical particles and nanorods.
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Figure 4.12: (a) Dispersion of washed BaTiO3 nanoparticels in a two-phase solvent, the bot-
tom layer of which is chlorobenzene and the upper layer is water. Good dispersion of washed
BaTiO3 nanoparticles in organic solvents: (b) chlorobenzene, (c) benzyl alcohol, (d) toluene,
(e) dimethylformamide (DMF), (f) tetrahydrofuran (THF).
4.4.6 Dielectric properties
It is well known that measurement of the dielectric permittivity of powders is not straight-
forward. In particular, moisture absorption from ambient air makes test conditions hard to
control. Several methods have been employed to characterize ultrafine BaTiO3 particles, e.g.
Wakino et al. reported on dielectric measurements of the powders using pressed compact bod-
ies [175], and Wada et al. used powder dielectric measurements in suspension [176]. We used
a modified pressed powder method employing an epoxy resin matrix.
Figure 4.13 (a) shows the frequency dependences of the dielectric permittivity and loss
tangent measured at room temperature for two BaTiO3 samples: the compacted powder and
compacted powder filled with an epoxy resin. At a frequency of 1MHz both samples have
comparable values of the dielectric permittivity εe f f ≈ 30 and tanδ ≈ 0.02. As frequency de-
creases the barely compacted powder shows a substantially stronger increase of both dielectric
permittivity and loss than the sample prepared with the epoxy. Such behavior is most probably
related to larger contribution from the conductivity, which is inverse proportional to the prob-
ing frequency. Water from ambient air might enter the pressed powder providing overlapping
water layers, which surrounds the nanoparticles and yields paths for charge carriers [177].
On the contrary, embedding the evacuated specimens in epoxy resin prevents absorption of
moisture from the ambient. Comparing the density of the pressed samples with the theoreti-
cal density of BaTiO3 we estimated the volume fraction of BaTiO3 powder, α ~ 0.53, which
was calculated from the weight of the pressed BaTiO3 powder disk, the theoretical density
of BaTiO3, and the geometry of the disk. Thus, we can consider our samples as composites
consisting of BaTiO3 nanoparticles and surrounding medium (air or epoxy). To evaluate the
dielectric permittivity of BaTiO3 nanoparticles from the measured effective permittivity, εe f f ,
of the composites we apply several models, which are often used to calculated the dielectric
92 Low-temperature synthesis of BaTiO3 Nanoparticles by the "Organosol” Route
permittivity of heterogeneous dielectric:
Logarithm model:[178]
lnεe f f = αlnε1+(1−α)lnε2 (4.6)
Maxwell-Garnett model:[179]
εe f f − ε1
εe f f +2ε1




(1−α) εe f f − ε2
ε2+2εe f f
+α
εe f f − ε1
ε2+2εe f f
= 0 (4.8)
Here ε1 and are ε2 the dielectric permittivity of BaTiO3 particles and medium (air or
epoxy), respectively. The used epoxy resin has a dielectric permittivity ε2 = 4.7 at 1 MHz
and for air ε2 = 1 was taken. Fig. 4.13 (b) shows values of ε1 calculated according the
aforementioned models. The logarithm model (Eq. 4.6) provides very different values for the
samples with and without epoxy and seemingly is not applicable in our case. Maxwell-Garnett
(Eq. 4.7) and Bruggemann (Eq. 4.8) models are more relevant yielding for the sample with
epoxy ε1 = 54 and 78, respectively. The values of the dielectric permittivity estimated from
the pressed powder are 18-20 % larger. The discrepancy might be the result of an inaccurate
estimation of sample volume, some compacting of the sample with epoxy resin during the
de-aeration process. It may also indicate that the additional contribution from the conductivity
into measured εe f f , for the barely pressed powder is not negligible even at high frequencies.
4.5 Conclusions
In this study, we describe a relatively simple low-temperature synthesis route for the prepa-
ration of hydrophobic crystalline nanoparticles with size about 15 nm. The crystal structure
of these BaTiO3 particles was assigned to cubic Pm3m by a conventional XRD measure-
ment, whereas Raman spectra indicate that the tetragonal phase BaTiO3 exists. SEM and
HRTEM display as-prepared BaTiO3 nanoparticles of spherical shape. Those directly cal-
cined at 1050 °C have cubic and tetragonal shapes. The dielectric permittivity of as-prepared
BaTiO3 nanoparticles is about 70 at room temperature. Due to the simplicity and generaliz-
ability of the approach it is anticipated that this method can be extended to SrTiO3, PbTiO3,
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Figure 4.13: (a) Frequency dependences of the dielectric permittivity and loss tangent of air-
pressed BaTiO3 powder and epoxy-pressed BaTiO3 powder at room temperature. (b) The
dielectric permittivity of BaTiO3 nanoparticles, ε1, estimated using the Logarithm, Maxwell-
Garnett and Bruggeman models.
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BaZrO3 and multi-component perovskite systems. Further work is progressing to incorporate
these synthesized hydrophobic nanoparticles as nanodispersion into a photoconductive poly-
mer matrix such as P3HT, CuPc with the aim of increasing the efficiency of organic solar cells
by increasing the relative permittivity of polymer systems and hence the number of excitons
converted into charge carriers.
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Chapter 5
Preparation of SiO2-Encapsulated
BaTiO3 Nanoparticles with Tunable Shell
Thickness by Reverse Microemulsion
5.1 Abstract
A reverse microemulsion (W/O) system was developed to coat ferroelectric nanoparticles
with a dielectric silica shell. This approach was applied to hydrophobic BaTiO3 nanopar-
ticles and performed by hydrolysis and condensation of tetraethyl-orthosilicate (TEOS) us-
ing BaTiO3 particles as seeds in a Triton X-100/n-hexanol/cyclohexane/water reverse mi-
croemulsion (W/O) system. The process was sufficiently controllable to allow us to target
a shell thickness from 3 to 20 nm by choosing appropriate BaTiO3 concentrations. The re-
sulting coated BaTiO3 particles were characterized by powder X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM), and Fourier transform infrared spec-
troscopy (FTIR) as well as charge titration via streaming potential.
5.2 Introduction
BaTiO 3 -based nanocomposites with other functional material components, such as poly-
mers, metals, and/or ferromagnetic phases are currently being studied for ultrahigh dielectric
constant materials, power storage, magnetoelectric, or photovoltaic applications [114, 181–
185]. Even through numerous reports can be found on the synthesis of BaTiO3 nanoparti-
cles [53, 139, 186], there are only a few dealing with particle coatings and surface modifi-
cation [109, 187–191]. In the present study, we describe the encapsulation of a ferroelectric
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nanometer-scale BaTiO3 core in a thin surrounding shell made of a non-ferroelectric amor-
phous silicon oxide, denoted as BTO@SiO2. The study of the incorporation of BaTiO3 parti-
cles into a silica matrix to obtain hybrid core@shell structures is very important, because of
significant changes and/or improvements in the ferroelectric, dielectric, electric, and optical
properties of the resulting products due to the coating by a silica layer [192, 193]. For exam-
ple, the properties of nanosized-ferroelectrics extremely depend on boundary conditions [194]
and temperature of the ferroelectric. Phase transformation in an array of electrically coupled
small particles, for example, could be very different from that in isolated small particles [195].
On the other hand, this nanostructured core@shell system is efficient to decrease the dielectric
losses of the final BaTiO3-based ceramics [190, 196, 197] and also to achieve multifunctional
nanoparticles in the coating [182, 198]. Huber et al. [190] observed a relationship between
the dielectric loss and the thickness of a silica shell over Ba1-xSrxTiO3. As the silica shell
thickness increases, the dielectric loss decreases and becomes more stable as a func tion of
temperature when compared to the unmodified material.
In the case of coating oxide particles with silica, various synthetic routes among which
the two most common routes are the Stöber method [76, 199, 200] and the microemulsion
process [30, 201–204] have been investigated. So far, the Stöber method has already been
applied to various inorganic compounds [205–211]. Although the method is relatively simple,
it is difficult to achieve thickness control below 20 nm [212]. Multiple preparation steps are
needed and nanoparticles with nonpolar ligands cannot be coated easily. The microemul-
sion method is an alternative to the Stöber method. Reverse microemulsion (water-in-oil
microemulsion) has recently also been used for the production of magnetic oxide@silica
nanoparticles with core@shell structure [213, 214]. Advantages of this method are that the
resulting silica nanoparticles have “smooth” surfaces and display good monodispersity, and
that nanoparticles with nonpolar ligands can be directly coated [214]. Using soft chemical
routes, ferroelectric BaTiO3 powders are nowadays produced on a large scale and at low cost.
Our starting BaTiO3 nanopowders with oleic acid ligands (BTO@OA) were directly prepared
by the “Organosol” route, possessing excellent dispersibility in organic solvents [215]. Com-
pared with the Stöber method, BTO@OA nanoparticles with good dispersion stability at high
particle concentration in the microemulsion can lead to high coating levels of nanoparticles
in the final nanocomposites, furthermore, the nanoparticles were encapsulated with SiO2 by
means of a microemulsion technique for phase transfer into aqueous dispersion or other polar
solvents.
In the sections that follow, we present a detailed study of BTO@SiO2 hybrid nanoparticles
synthesized in a reverse microemulsion with a composition of Triton X-100/1-hexanol/cyclohe-
xane/H2O. The BTO@OA nanoparticles were phase transferred into polar solvents by means
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of silica coating and the synthesized BTO@SiO2 nanoparticles were fully characterized by
a variety of techniques including transmission electron microscopy (TEM), high resolution
TEM (HR-TEM), X-ray diffraction (XRD), and Fourier transform infrared (FT-IR) as well as
charge titration via streaming potential. To the best of our knowledge, this is the first report
of a direct silica coating of BaTiO3 nanoparticles with hydrophobic surface ligands via the
reverse microemulsion method. Through thickness control of the silica shell the separation
between neighboring particles can be tuned so that the collective behavior of the particles
within a nanostructure can be tailored. Besides, we believe that our methodology will en-




All reagents used in this study are commercially available. Oleic acid (OA, 90%), 1-hexanol
anhydrous (99%), ammonia solution (NH4OH, 28-30 wt% in water), Triton X-100, hex-
ane (95%), cyclohexane (99.5%), tetraethoxysilane (TEOS, 99.999%) were purchased from
Sigma-Aldrich Inc. Water purified with a Milli-Q system from Millipore was used for all
experiments.
5.3.2 Synthesis of BTO@SiO2 nanoparticles
For a typical reverse microemulsion synthesis, 2.5 mL of a cyclohexane dispersion of BTO@OA
nanoparticles was rapidly added into a mixture of 8.85 g of Triton X-100, 8 mL of anhydrous
1-hexanol, and 35 mL of cyclohexane under a strong vortex for about 1 h. Depending on the
desired SiO2 shell thickness, the concentration of the BaTiO3 dispersion was varied from 1
to 10 mg mL-1. Next, 2.5 mL of ammonia solution (28-30% ammonia solution:water = 1:4)
was added in the above solution and shaken for another 1 h. Finally, 125 µL of TEOS as
the precursor of silica nanoparticles was added to the microemulsion, and the silica growth
was completed after 24 h of stirring. The nanoparticles were isolated from the microemulsion
using acetone and centrifuged, and the resultant precipitate of BTO@SiO2 composite parti-
cles was washed with 1-propanol and ethanol to remove surfactant and oil, and collected by
centrifugation.
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5.3.3 Characterizations
The synthesis of core-shell BTO@OA particles was characterized by various analytical tech-
niques. The morphologies of the nanoparticles and the shell thicknesses of the coated nanopar-
ticles were characterized using a HR-TEM (FEI Tecnai F20, 200 kV) with scanning-mode
TEM (STEM) imaging and energy-dispersive X-ray (EDS) mapping capabilities. The phase
structure and composition analysis of the prepared BTO@SiO2 composites were characterized
by XRD (Siemens D5000, λ = 1.5418 Å (CuKα), kV = 40, mA = 40) and FT-IR spectroscopy
analysis (Bruker Vertex 70) in the range of 4000-400 cm-1. Charge titration via streaming
potential was measured by using a Stabisizer® instrument (Particle Metrix GmbH, Stabisizer
PMX 200C). 10 µL of the sample (BaTiO3 or BTO@SiO2) was dispersed into 10 ml of 10
mM KOH solution. The mixture was titrated with 5 mM HCl down to pH 2.
5.4 Results and discussion
5.4.1 FT-IR Spectroscopic Analysis
One of the most common methods of analyzing SiO2 is based on the absorption of infrared
light. When the frequency of a specific vibration is equal to the frequency of the IR radiation
directed at the molecule, the molecule absorbs the radiation. The major types of molecular
vibrations are stretching and bending. The various types of vibrations for SiO2 are illustrated
in Figure 5.1. In this study we will focus on the most frequently considered portion of the mid-
dle IR region, between 400 and 4000 cm-1. Figure 5.2 shows the FT-IR absorption spectra of
BTO@OA, BTO@SiO2 (4 ± 1 nm) and BTO@SiO2 (20 ± 0.7 nm) nanoparticles, respectively,
where some vibrational modes of Si-O and hydrogen incorporated molecules are pointed. The
peak at 594 cm-1 is the characteristic absorption of Ti-O bond and the peaks at 1465 and 1552
cm-1 can be attributed to the COOH group of oleic acid adsorbed on the BaTiO3 surface. It
is also found that the BTO@SiO2 (4 ± 1 nm) and BTO@SiO2 (20 ± 0.7 nm) nanoparticles
exhibit a new set of peaks that belong to Si-O-Si and Si-OH at 468, 960 and 1091 cm-1, re-
spectively, which clearly indicates the presence of SiO2. Additionally, such siloxane bonds
increase in intensity as the thickness of the silica shell increases from 4 ± 1 to 20 ± 0.7 nm,
while the vibration bands of Ti-O bond weakened with increasing silica coating amount fi-
nally disappearing. Thus, we can infer that SiO2 shells originated from the hydrolysis and
condensation of TEOS were successfully coated onto the BaTiO3 surface.
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Figure 5.1: Major vibrational modes for a nonlinear group [29].
Figure 5.2: FT-IR spectra of core-shell BaTiO3 particles, as a shell: i) oleic acid, ii) SiO2 (4±1
nm), and iii) SiO2 (20 ± 0.7 nm).
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Figure 5.3: X-ray diffraction pattern of samples: i) BTO@SiO2 particles and (ii) BTO@OA
particles. BaTiO3 is marked with asterisks.
5.4.2 XRD Analysis
The XRD spectra of BTO@OA and BTO@SiO2 (20 ± 0.7 nm) nanoparticles are shown in
Figure 5.3. From Figure 5.3 (ii), a series of characteristic peaks is observed and indexed
in accordance with the cubic perovskite structure of BaTiO3 (JPCDS No. 31-174). After
modifying with a SiO2 shell layer, the characteristic peaks of samples are still in accordance
with the cubic perovskite phase of BaTiO3 (see Figure 5.3 (i)), indicating that the SiO2 does
not influence the crystalline structure of the core. Additionally, there is a broadened peak
located in the range of ca. 22°, which is the characteristic of amorphous SiO2. A similar
report on Fe2O3@SiO2 core-shell nanoparticles also showed a diffuse peak at about 20° of
SiO2 shell in the XRD pattern [208].
5.4.3 Surface properties of nanoparticles (Surface charge & Solubility)
The surface coating of nanoparticles is crucial to determining their physicochemical surface
properties, such as hydrophilicity/hydrophobicity and zeta potential as well as dispersibility
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Figure 5.4: Dispersion of powders in a two-phase solvent, the bottom layer of which is water
and the upper layer is cyclohexane: (a) BTO@OA and (b) BTO@SiO2.
in solution. Due to the hydrophobic surface ligands, oleic aicd-stabilized BaTiO3 particles
showed a much higher solubility in apolar solvents than in polar solvents (Figure 5.4 (a)).
The success of silica coating was also indicated by the change in the solubility of the silica-
coated BaTiO3 particles, which became highly soluble in polar solvents such as water instead
of apolar solvents (Figure 5.4 (b)).
The surface charge of the nanoparticles is an essential factor in colloidal systems. It is re-
lated to the streaming potential of the suspended particles inside a narrow capillary [216]. The
streaming potential reveals changes in the surface charge, if the surface is functionalized with
different functional groups. Therefore, after successful SiO2 shell synthesis, streaming poten-
tial measurements of the resulting particles inside a Teflon capillary were performed. Figure
5.5 shows the influence of pH on the streaming potential measured on BaTiO3 and BTO@SiO2
particles. The streaming potential of BaTiO3 and BTO@SiO2 with respect to diffe rent pH and
the isoelectric points (IEP), defined as the condition when the zeta-potential value is zero, are
consistent with the zeta potential measurement reported in literature. The streaming potentials
were found to be similar for both samples BTO@SiO2(20 nm) and BTO@SiO2(3 nm) as they
have their IEP below pH 2. It was already noted that the electrokinetic behavior of the SiO2
surface is dominated by surface Si-OH species, thus explaining the relatively low IEP value
[217–219]. Because the IEP of SiO2 is below 2.0, its surfaces are highly negatively charged
even at a pH of 3. BaTiO3 shows variable electrophoretic behaviour, depending on the BaO :
TiO2 balance at the particle surface. Lewis listed the IEP of BaTiO3 as being between pH 5
and 6, while Vamvakaki et al. [220] reported a value of 3, although these authors note that a
wide range of values have been reported, a result of either residual barium carbonate on the
surface or TiO2-rich surfaces. Our BaTiO3 nanoparticles showed a distinctly different behav-
ior compared to SiO2 and have an IEP at around pH 5. This result suggests that, in acidic
solutions, our BaTiO3 powder behaves more comparably to colloidal TiO2, because of the
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Figure 5.5: Streaming potential (SP) curves of BaTiO3 and BTO@SiO2 particles.
surface dissolution of Ba2+ ions.
5.4.4 TEM and EDS Analysis
TEM was used to observe core-shell BTO@SiO2 nanoparticles. HR-TEM images demon-
strate that the nanoparticles have a core-shell structure with light contrast silica shells and
dark contrast cores of BaTiO3, implying that the hydrophobic BaTiO3 nanoparticles were suc-
cessfully coated by a silica shell. As shown in Figure 5.6, 5.7, 5.8, we found that the silica
layer thickness dramatically decreased from 20 ± 0.7 to 4 ± 1 nm upon an increase in concen-
tration of BaTiO3 from 1 to 10 mg mL-1: In the first case, the reverse microemulsion contains
a cyclohexane dispersion of 1 mg mL-1 BaTiO3 nanoparticles, after addition of 125 µL TEOS,
silica shells are finally formed with a homogeneous thickness of at least 20 nm. Most of the
TEOS is polymerized on the BaTiO3 particle surface, but small BaTiO3-free silica particles
are formed as well, as shown in Figure 5.7. Furthermore, TEM and HRTEM images (Figure
5.6 (a, b)) clearly show the crystallinity of the BaTiO3 core and the amorphous nature of the
silica shell and their interface. From the EDS elemental mapping images, there is also strong
evidence of the BTO@SiO2 core-shell structure showing that Ba (Figure 5.6 (c)) is localized
in a core area in HAADF-STEM, while Si (Figure 5.6 (d)) is localized in a shell configuration.
By overlapping the two maps (Figure 5.6 (e)), it is observed that BaTiO3 is located inside
the silica shell. In addition, we have also carried out EDS line scans across the region of the
individual core-shell particle for the respective elements (Figure 5.6 (g)). While nanoparti-
cles could reproducibly be coated with thick silica shells, synthesis of thinner shells was not
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straightforward. We studied the effect of using a highly concentrated BaTiO3 cyclohexane
dispersion (10 mg mL-1) and the same amount of TEOS (125 µL). We expected this would
lead to the formation of thinner shells and no small, free silica particles, as the deposition of
silica would be divided over a larger number of particles. We found that the silica layer was
not perfectly homogeneous, but practically the entire surface of all the BaTiO3 particles ap-
peared to be coated and no second nucleation was formed, as shown in Figure 5.8 (a, b). At the
same time, we can see that a thin shell (3-5 nm) is present on the surface of the BaTiO3 (Fig-
ure 5.8 (c)) and its crystalline phase with lattice fringes can be seen more clearly (Figure 5.8
(d)). Such a thin silica layer is a notable result, because the average thickness of silica layers
previously prepared by reverse microemulsion has been reported as 10-70 nm [201, 221].
5.4.5 Mechanism of core-shell particle formation
Understanding the mechanism through which the process is taking place allowed us to pre-
cisely control the synthesis and obtain very good reproducibility. Previously published work
on nanocomposites through reverse microemulsion methods first by Darbandi et al. [30] and
more recently by Kool et al. [201] have proposed a ligand exchange mechanism on hydropho-
bic quantum dots in silica spheres. According to our results obtained by XRD, Fourier trans-
form infrared (FTIR) spectroscopy, and HR-TEM of the synthesized BTO@SiO2 nanoparti-
cles, we here suggest that the formation mechanism of silica shell on hydrophobic BaTiO3 can
be described as follows: Step I: In the initial stage, the formation of the inverse microemulsion
and stabilization of water droplets by n-hexanol and Triton X-100 takes place. The BTO@OA
nanoparticles are easily dispersible in the cyclohexane oil phase. Step II: A ligand exchange
occurs at the surface of the BaTiO3 where hydrophobic ligands are replaced by TEOS that
is able to hydrolyze at the water-oil interface. Step III: On addition of the ammonia cata-
lyst that is constrained in the water droplets, the continuous association of the hydrolyzed
TEOS molecules in excess from the oil phase creates the condensation and growth of silica
shells on the surface of the water phase-transferred BaTiO3 (schematically depicted in Figure
5.9). According to the mechanism above, the ligand exchange Step II is believed to be the
most crucial one to ensure homogeneous shell growth. This indicates that the inhomogeneity
in thin silica shells is likely connected with the lack of complete coverage of TEOS on the
BaTiO3 surfaces, because when the concentration of BaTiO3 is increased and the molar ratio
of TEOS/BaTiO3 is reduced from 56:1 to 5.6:1. In conclusion, more investigation is required
to fully understand the formation mechanism of the thin coating layers, but deposition of very
thin layers has been proven to be well feasible by the microemulsion technique. Furthermore,
the preparation of highly stable ultrathin silica layers and the investigation of their stability
are an important challenge in future research, because ultrathin silica layers are likely to be
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Figure 5.6: Imaging core-shell nanostructures in BTO@SiO2 (20 ± 0.7 nm), added 125 µL of
TEOS solution into a reverse microemulsion containing a concentration of 1 mg mL-1 BaTiO3
dispersion: a) TEM image and b) HRTEM image of the interface between the crystalline core
and amorphous shell. The inset of (b) shows the FFT pattern. c-e,g) Elemental mapping
images of a BTO@SiO2 core-shell nanostructure and EDS line scan and f) STEM image of
several BTO@SiO2 core-shell nanoparticles.
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Figure 5.7: TEM image of BaTiO3 core@SiO2 shell particles and free SiO2 particles.
Figure 5.8: a-c) TEM images of core-shell nanostructures in BTO@SiO2 (4 ± 1 nm), added
125 µL of TEOS solution into a reverse microemulsion containing a high concentration of 10
mg mL-1 BaTiO3 dispersion. In (b) the arrow indicates neck formation. c) An interface where
a thin amorphous SiO2 layer (3-5 nm) was inhomogeneously formed and d) HRTEM image
of crystalline BaTiO3 core. The inset of (d) shows the FFT pattern (zone axis [111]).
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Figure 5.9: Schematic of the BaTiO3 core@silica shell nanoparticle formation after Darbandi
et al. [30]. Reaction mechanism in reverse microemulsion system. Step I: mixing of reactants
A, B, and C. Step II: hydrolysis reaction (nucleation stage (a)). Step III: the condensation
reaction (growth stage (b)) of primary SiO2: A) BTO@OA in cyclohexane; B) ammonia
water; C) mixture of cyclohexane, surfactant Triton X-100 and co-surfactant 1-hexanol.
unstable and re-dissolve in the solvent with time. All of our powders were finally dry powders
not so eligible to re-dissolution.
5.5 Conclusions
In this study we demonstrate the possibility of formation of nanoparticles of BaTiO3 cov-
ered with a silica shell using a Triton X-100/n-hexanol/cyclohexane/water reverse microemul-
sion (W/O), which employs nucleation in water-in-oil (W/O) microemulsion and shell coating
through hydrolysis and condensation of silane in W/O microemulsion. That BaTiO3 nanopar-
ticles with partially hydrolyzed TEOS transfer from the oil phase to the water phase of the
microemulsion is essential for the formation of the silica shell on the BaTiO3 core. Further
hydrolyzation of TEOS contributes to the increase in the shell thickness and the formation of
a smooth surface. It is crucial to control the concentrations of both TEOS and BaTiO3 to tune
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the thickness of the silica shell and suppress the development of secondary silica nuclei which
is always a side effect in coating processes.
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Absorber Systems Synthesized via the
“Organosol” Route
6.1 Abstract
In this work, core@shell structure Ag@BaTiO3 composite nanopowders with tunable optical
properties were synthesized in two steps that include the formation of the Ag core in first
and second step is the coating with BaTiO3. A stable Ag “organosol” was prepared by the
thermal reduction of silver oleate in oleic acid and followed by its incorporation with BaTiO3
“organosol” precursor at different Ag/Ba molar ratios a controllable nanolayer of BaTiO3 on
the surface of Ag was formed. This combination of two processes gave us a great inspiration to
fabricate metal-ceramic composites. Due to the Ag content obtained nanocomposites possess
important valuable properties. First, one is that these Ag@BaTiO3 composites have higher
dielectric permittivities compared to the pure BaTiO3, which can be attributed to the interfacial
polarization phenomenon that takes place at the Ag-BaTiO3 interfaces and the percolation
effect. Besides, another of these important properties deals with the light absorption by the
composite. In the case of Ag nanoparticles coated by an ultrathin dielectric BaTiO3 shell with
a thickness less than 5 nm, we find that it is an ideal plasmonic blackbody that absorbs all light
that falls onto it. Because of that, such core@shell structure nanoparticles can be used to trap
light in organic solar cells to increase optical absorption, which will open up opportunities for
the development of the future thermo-photovoltaic energy conversion devices, light harvesting
for solar cells and storage technologies.
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6.2 Introduction
Photovoltaics is emerging as an important technology for the future energy production. To
fully realize this potential it is necessary to generate a high conversion efficiency for the solar
cells. In recent years, surface plasmons are taken as one of the best solutions to achieve
this object [222–225]. Surface plasmon resonance (SPR) can be interpreted as the collection
of electrons at the metallic surface, induced by the electromagnetic wave, and these collected
electrons vibrate together in a particular way. Due to their evanescent nature, surface plasmons
are able to give rise to peculiar interaction with light, leading to effective light localization and
concentration. In 1908 Mie [226] proposed a solution of Maxwell’s equations for spherical
particles interacting with plane electromagnetic waves, which explains the origin of SPR in
the extinction spectra and colouration of metal colloids.
During the last century optical properties of nanoparticles have extensively been studied
and metal-dielectric nanocomposites have found many novel properties unattainable in single
nanostructures and various applications in diff erent fields of science and technology. Par-
ticularly, core@shell metal-dielectric composite nanostructures are extremely important in
plasmonics because they realize highly tunable and designable optical properties. Since the
optical properties of metal nanoparticles are governed by SPR, they are strongly dependent on
the nanoparticles’ size, shape, concentration and spatial distribution as well as on the proper-
ties of the surrounding medium which the nanoparticles are embedded in [92, 227, 228]. Con-
trol over these parameters enables such metal-dielectric nanocomposites to become promising
media for the development of novel non-linear materials, nanodevices and optical elements.
There are two main classes of core@shell metal-dielectric composite nanostructures: di-
electric core@metal shell nanostructures and metal core@dielectric shell nanostructures. Di-
electric core@metal shell nanoparticles (called nanoshells in some papers) are obtained by
coating a metal layer onto dielectric nanoparticles. The optical resonances of such composite
nanostructures can be tuned within the visible to near infrared (NIR) spectral range by control-
ling the ratio of the core diameter and the shell thickness [229]. For such structures plasmon
hybridization theory was developed [230–232]. It allows to design materials to match the re-
quired wavelength for a particular application in the visible or near infrared regions. But, in
this case, existence of optical losses of metals prevents them from successful application in
photonics so far, moreover, the pure formed metal nanoparticles are very activated and un-
stable due to easy agglomeration, oxidation in air, and dissolution in acid, which complicates
their use in the development of photovoltaic devices, sensors and other optical instruments.
In contrast to dielectric core@metal shell nanoparticles, the opposite core@shell nanostruc-
ture with metal core and dielectric shell can overcome these problems. The dielectric layer
onto metal nanoparticles can most typically be formed from at least one of SiO2, TiO2, and
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Al2O3, with refractive indices of 1.5, 2.5 and 1.63, respectively [233]. Coating the metal
nanoparticles with a dielectric layer will prevent direct contact between the surfaces of neigh-
boring metal nanoparticles and improve their chemical stabilities. BaTiO3 was chosen as the
alternative dielectric shell, because it has good chemical stability, high dielectric constant and
refractive index values (2.5 at wavelength 500 nm). However, when these metal core-oxide
shell nanoparticles are prepared, there are problems in that the oxide coated onto the surface
of the metal core is amorphous in nature, and thus has reduced chemical and mechanical prop-
erties compared to crystalline oxides. For example, Seung Ho Choi et al. prepared core@shell
structure Ag@BaTiO3 composite powders directly by flame spray pyrolysis, but the formed
BaTiO3 shell is amorphous [234]. On the other hand, although monodisperse metal nanoparti-
cles have been produced by many reported methods, metal/oxide composite nanopowders had
still problem in uniform dispersion of metal in the oxide because of the aggregation behavior
of the metal nanoparticles.
In the present work, we describe the preparation of the plasmonic nanocomposites with a
Ag core and a dielectric crystalline BaTiO3 shell using combination of thermal reduction and
organosol methods. Thermal reduction has great advantages for large-scale synthesis at the
industrial level and offers the advantage of producing essentially clean Ag nanoparticles. Suc-
cessful nanoscale coatings require freedom from agglomeration and surface control. Oleate
was used to modify the surface of Ag nanoparticels to allow attachment of BaTiO3 organosol
precursor to their surface. After that, crystalline BaTiO3 shell-covered Ag was synthesized
by using the previous organosol technique [215]. Afterward characterization of the resultant
structure has been performed by means of X-ray diraction (XRD), transmission electron mi-
croscopy (TEM), Scanning Electron Microscopy (SEM), Fourier transform infrared (FTIR)
spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, and impedance analysis. We found
that the ultrathin dielectric BaTiO3 shell (less than 5 nm) in the composite could result in al-
most complete absorption of light in a broad spectrum. This excellent property has motivated
us to study this core@shell structure Ag@BaTiO3composite with the aim to design a perfect
absorber (plasmonic blackbody), which can be profitably used for the development of organic
photovoltaic devices and our results represent a promising first step for subsequent investiga-
tions on their applicability in organic solar cells [235–238]. In the following, we describe the
whole process of making core@shell Ag@BaTiO3 nanotructures and provide detailed charac-
terization of these materials.
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6.3 Experimental Details
6.3.1 Materials
The synthesis and decomposition experiments were performed using the following chemicals:
Ag acetate (CH3COOAg, Merck KGaA, Darmstadt, Germany), barium acetate (Ba(CH3COO)2,
99%, Sigma-Aldrich, Steinheim, Germany), titanium isopropoxides (Ti(OCH(CH)2)4, 97%,
Sigma-Aldrich, Steinheim, Germany), and oleic acid (OA, 65-88%, Sigma-Aldrich, Stein-
heim, Germany) were purchased from Sigma-Aldrich and used without further purification.
All chemicals were used as received.
6.3.2 Characterization Methods and Instruments
X-ray diffraction (XRD) analysis of the synthesized powder was studied at room tempera-
ture using a diffractometer (Siemens D5000, Germany) in the range of Bragg angle (20º ≤
2θ ≤ 80º) on being irradiated by using CuKα (1.5405 A˚) with an angular step of 0.01 at
1 s per step. The surface morphology or microstructure (i.e., grain size, grain-distribution
and core/shell structure) of the nanoparticles were recorded by scanning electron microscopy
(SEM) (Quanta 400 FEG) and transmission electron microscopy (TEM) microscopy (Tecnai
F20). The Surface plasmon resonance (SPR) of the sample was determined using a UV 2500
Schimadzu UV-visible spectrophotometer (Shimadzu, Osaka, Japan). All optical measure-
ments were performed at room temperature using quantitative ethanol or 1,2-dichlorobenzene
solutions. Moreover, the fourier transform infrared (FT-IR) spectra were recorded over the
range of 400-4000 cm-1 utilizing a Bruker Vertex 70 FT-IR spectrophotometer. After the re-
actions, the sample was centrifuged by using a centrifuge machine (Heraeus Labofuge 400e).
For electrical measurements, the powder was uniaxially cold pressed at 5 tons into pellets
(diameter of 0.5 cm) with a minor addition of P(VDF-TrFE), 1.5 wt % as a binder. The disk
surfaces were ground gently and electroded was with Pt/Pd using a sputter coater (Cressington
208HR). The ac conductivity and permittivity were measured from 300 to 420 K using a So-
lartron 1260 Impedance Analyser with a Solartron 1296 dielectric interface in the frequency
range 0.1 Hz to 1 MHz and the applied voltage was 0.1 Vrms. The density of the tablets was
measured by He-pycnometry (Porotec GmbH).
6.3.3 Preparation of Ag@BaTiO3 nanoparticles
The synthesis of the Ag@BaTiO3 nanoparticles was carried out in two steps: the synthesis of
a Ag organosol, followed by its incorporation with BaTiO3 “organosol” precursor to prepare
Ag@BaTiO3 nanoparticles.
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Figure 6.1: Photographs of Ag acetate in oleic acid after each step of a chemical procedure:
(a), (b), (c), and (d) (see text). The Ag oleate precursor was prepared by the reaction of Ag
acetate with oleic acid.
6.3.3.1 Preparation of Ag Organosols
Oleate capped Ag organosols were produced by an inexpensive, environmentally friendly pro-
cess through the thermal reduction of a Ag oleate complex in oleic acid.
First, preparation of the Ag oleate precursors
In a typical procedure, as shown in Figure 6.1:
(a) Ag acetate (2 g) and oleic acid (60 ml) were added into a 250 ml three-neck round
bottom flask.
(b) The reaction flask under nitrogen protection was firstly heated to 100 °C in an oil bath
with stirring to make the Ag acetate dissolve.
(c) Then the flask was heated up to 150 °C, the Ag acetate/oleic acid solution became dark
brown. By maintaining at this temperature for 10 min, we removed the flask from the heating
device and let it cool to room temperature.
(d) The obtained products were centrifuged at 3000 r.p.m for 10 min after addition of
methanol/toluene. The white-turbid precipitates were washed by centrifugation redispersion
cycles with methanol/toluene mixture three times, and subsequently dried at room tempera-
ture.
In the next step, preparation of Ag organosols
The Ag nanoparticles were synthesized by the thermal reduction of the Ag oleate precursor
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in oleic acid. The dried Ag oleate precipitates were dissolved in oleic acid to perform a thermal
reduction reaction. The Ag oleate precursor solution was placed in an oil bath heated at ca.
180 °C. Heating the solution at that temperature for 4 hours caused gradual decomposition
to produce a brown dispersion with metallic luster. After that, we removed the solution from
the oil bath and let it cool to room temperature. The resultant dispersion was centrifuged for
15 min at 3000 rpm to separate the black Ag nanopowder. The separated Ag nanoparticles
were washed by centrifugation redispersion cycles with alcohol three times and dried under
vacuum. The obtained black Ag powder could be redispersed in various organic non-aqueous
solvents for the purpose of further characterization.
The obtained black Ag nanoparticles were almost immediately redispersed in toluene or
1,2-dichlorobenzene to form a clear yellow organosol. This hydrophobic colloid is stable and
the nanoparticles retain their integrity even after the solvent is evaporated and the dried deposit
can be resuspended in a variety of other solvents.
6.3.3.2 Preparation of Ag@BaTiO3 composite nanoparticles
A barium titanium oleate precursor was prepared by mixing barium acetate, titanium (IV)-
isopropoxide and oleic acid. The total concentration of precursor was 0.2 M with a molar
ratio of Ba : Ti of 1 : 0.93. More experimental details about the preparation method have been
given in Chapter 4 [215]. For comparison, pure BaTiO3 powders were also synthesized via
this method.
The above BaTiO3 “organosol” precursor mixed with Ag organosol was firstly heated to ~
90 °C with stirring for 1 h. Then this mixture solution was mixed with 4 M NaOH solution.
Immediately, a dark brown slurry was formed. The excess liquid was removed by vacuum
filtration, and the dried slurry was kept in a vacuum drying oven at 100 °C for 12 hours for
solidification and crystallization. A series of theses mixtures was prepared keeping the Ba/Ti
precursor ratio at 1.1 for all samples while the Ag precursor content was varied to obtain
final two different compositions, denoted as Ag1@BaTiO3 (BaTiO3: 70 mol%-77 wt%) and
Ag2@BaTiO3 (BaTiO3: 20 mol%-27 wt%). The dried powders were washed with methanol
while performing ultrasonic treatment for 30 minutes to get rid of the “free” oleates. Ethanol
/ 0.2 % acetic acid (v/v ≈ 1:1) mixtures were used for washing under ultrasonic treatment for
20 minutes in order to remove the remaining sodium ions, as well as BaCO3 impurities from
the Ag@BaTiO3 powders. The washed Ag@BaTiO3 nanoparticles could be well dispersed
in organic solvents, e. g., toluene, 1, 2-dichlorobenzene with no additional surfactant in the
solution.
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Figure 6.2: The Scheme of the preparation process of Ag@BaTiO3 nanocomposites. (a) The
Ag oleate precursor was prepared by the reaction of Ag acetate with oleic acid. (b) The thermal
reduction of the Ag oleate precursor in oleic acid produced colloidal Ag nanoparticles. (c)
The mix was heated and then added to the NaOH solution in order to create a slurry, and
then drying. (d) Core-shell structure: coating of a Ag core with a dielectric BaTiO3 shell.
Hybridized structure: encapsulation of Ag nanoparticles within a dielectric BaTiO3 matrix.
116 Core-shell Ag@BaTiO3 Systems Synthesized via the “Organosol” Route
6.4 Results and discussion
We have successfully synthesized Ag organosols and Ag@BaTiO3 composite nanoparticles
based on the core-shell nanostructures comprising either a Ag core with a dielectric BaTiO3
shell or a small amount of Ag cores dispersed in a continuous dielectric BaTiO3 shell matrix,
which depends on the amount of shell precursor to obtain the desired shell. The overall scheme
for the synthesis route is depicted in Figure 6.2.
6.4.1 Ag organosols and their optical properties
In a typical synthesis of Ag nanoparticles, the pre-synthesized Ag oleate prepared by reacting
Ag acetate and oleic acid was again added to oleic acid and dissolved at ~100 °C. When
the solution was heated to 150 °C, the color of the solution changed from light yellow to
dark yellow and to dark brown, indicating the formation and the concentration change of
Ag nanoparticles, as indicated by the inset of Figure 6.3. Meanwhile, in order to determine
the formation of Ag nanoparticles, the UV-Vis spectra were measured (Figure 6.3). At the
beginning, the solution was taken after complete dissolution of Ag oleate in oleic acid. Later,
when the formation of Ag nanoparticles starts, the spectra were measured.
In this way, the oleic acid acts as both the solvent to provide the thermal condition for the
thermal reduction of the Ag oleate precursor, because of its relatively high boiling point and
the surfactant to cap on the produced Ag nanoparticles. It can be summarized that carboxyl
groups (RCOO-) of oleic acid attract and encapsulate Ag ions and thus enhance the dissolution
of Ag acetate in oleic acid by forming Ag oleate (See Eq. 6.1). The ionic bond between Ag+
and RCOO- is weakened considerably by coordination between RCOO- and Ag+. Thus, the
Ag to oxygen bond energy was low enough to allow decomposition at ca. 150 °C within 4
hours [239]. The proposed mechanism of reaction could be expressed as follows:
RCOOH +AgC2H3O2 → RCOO−Ag++C2H4O2 ↑ (6.1)
R−COO−→ R+CO2 ↑+e− (6.2)
Ag++ e−→ Ag0 E0 = 0.799V (6.3)
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Figure 6.3: UV-Vis spectra: (a) initial components and (b), (c) evolution of absorbance spectra
of oleic acid-stabilized Ag colloid. The surface plasmon band observed confirms the presence
of Ag nanoparticles. The inset shows a digital image of the corresponding samples.
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After the precursors decompose and react (Eq. 6.2 and Eq. 6.3), colloidal Ag nanocrystals
are formed, which are stabilized in solution by the carboxylate group (COO-) of the oleic acid
coating to the surface. We utilized the XRD pattern and the UV-visible spectra as characteriza-
tion criteria for the nature of the Ag colloids that form. We discuss the molecular arrangement
of the oleate on the Ag surface on the basis of FTIR spectroscopy. Figure 6.4 (a) shows the
XRD pattern of Ag nanoparticles. The presence of peaks at 2θ values 38.1, 44.09, 64.36 and
77.29 corresponds to (111), (200), (220), and (311) planes of Ag, respectively (JCPDS File
No.: 01-1167) with the majority of particles showing (111) plane having face-centered cubic
(fcc) structure. No peaks of the XRD pattern of Ag2O and other substances appear. The UV-
Vis spectrum shows a well defined surface plasmon band centered at around 420 nm (Figure
6.4 (b)). The SEM and TEM images (Figure 6.4 (d) and (e)) of this sample reveal that the
majority of the sample is highly isolated Ag nanoparticles with size ranging between 10 to 20
nm.
A FTIR spectrum of the dried Ag nanoparticles is shown in Figure 6.4 (c). Bands at around
3407 cm-1 can be assigned as O-H stretching. The strong absorptions at 2849 and 2916 cm-1
are attributable to the symmetric and asymmetric C-H stretching in the aliphatic chain of the
oleic acid coating, respectively. In addition, bands at 1637 and 1385 cm-1 can be assigned to
be the assymmetric and symmetric stretching of the carboxylate group (COO-) of the oleic
acid coating, respectively. Thus, these Ag nanoparticles could be stably dispersed in organic
solvents without aggregation. From Figure 6.4 (f) we can see that Ag nanoparticles in powder
form show a black color, while the stable dispersion of isolated contact-free Ag nanoparticles
in toluene shows a yellow color. However, in the case of water, Ag nanoparticles will aggregate
to bigger clusters and then settle down on the bottom of the bottle.
6.4.2 Ag@BaTiO3 nanocomposites with tailored plasmonic response
By the combination of thermal reduction and the “organosol” route core@shell Ag@BaTiO3
nanostructures were successfully obtained. These core@shell Ag@BaTiO3 composite nanopar-
ticles exhibit improved physical and chemical properties arising from the combination of dif-
ferent chemical compositions on the nanoscale that are impossible from one component.
XRD patterns of the Ag1@BaTiO3 and Ag2@BaTiO3 composite powders are shown in
Figure 6.5. The observed Bragg diffraction peaks were identified to belong either to BaTiO3
(JCPDS 79-2263) or Ag (JCPDS 01-1167). From Figure 6.5, it is obvious that no other major
phases than BaTiO3 and Ag are present in the composite powders and the relative diffraction
intensity of Ag metal increased with the addition of Ag.
For making sure that the synthesizd Ag@BaTiO3 composite particles are core-shell parti-
cles, TEM and HRTEM images are shown in 6.6. There is a difference in contrast between the
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Figure 6.4: (a) XRD patterns of Ag oleate and Ag nanoparticles, (b) UV-Vis spectrum of Ag
organosol in 1,2-dichlorobenzene (150 ppm), (c) FTIR spectrum, (d) SEM image and (e) TEM
image of Ag nanoparticles, and (f) Ag nanoparticles in powder form and the redispersion of
them in water and toluene.
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Figure 6.5: XRD patterns of Ag1@BaTiO3 and Ag2@BaTiO3 samples.
rim and the interior of the particles. From Figure 6.6 (c) it is clear that small Ag nanoparticles
are embedded inside a dielectric BaTiO3 matrix and Ag particles were mostly spherical in
shape with an average diameter ~10 nm. For more detailed investigation of the structure, the
HRTEM analysis was done. Representative images are shown in Figure 6.6 (b) and (d). The
measured spacing between crystallographic planes in clearly resolved atomic lattice fringes
in HRTEM images. Especially for very thin shells of less than 3 nm, HRTEM is required,
as shown in Figure 6.6 (b). The core-shell structure can be further confirmed by the energy-
dispersive X-ray spectrometry (EDS) analysis of an arbitrary single particle under the mode of
scanning TEM (STEM), as illustrated in Figure 6.7 and 6.8. From the EDS spectrum shown
in Figure 6.7 (c) and 6.8 (c), it is confirmed that the nanoparticles consist of mostly Ag, Ba,
Ti and O. The presence of Cu is the contribution from the Cu grid. Here, a line-scan of the
chemical compositions between the Ag core and BaTiO3 shell for an individual nanoparticle
was performed. As indicated in Figure 6.7 (b) and Figure 6.8 (b), the Ba L-line indicated by
a Ba distribution was observed to reach a maximum at the edge of the particle, while the Ag
L-line shows a maximum Ag concentration at the center of the particle. These observations
demonstrate that Ag@BaTiO3 exhibits a core-shell structure, in which Ag acts as the core,
while BaTiO3 is the shell or a small amount of Ag cores disperse in a continuous dielectric
BaTiO3 shell matrix.
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Figure 6.6: (a) TEM and (b) HRTEM images of Ag2@BaTiO3 nanocomposites, (c) TEM and
(d) HRTEM images of Ag1@BaTiO3nanocomposites.
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Figure 6.7: An EDS line scan of a core@shell particle. (a) STEM image of Ag1@BaTiO3
nanocomposites, (b) EDS line profile from a region marked by line in (a) showing the EDS
signal intensity for Ag and Ba across the diameter of the particle, and (c) EDS spectrum of the
particles. In the composition line profile, black and red represent Ag and Ba, respectively.
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Figure 6.8: An EDS line scan of a core@shell particle. (a) STEM image of Ag2@BaTiO3
nanocomposites, (b) EDS line profile from a region marked by line in (a) showing the EDS
signal intensity for Ag and Ba across the diameter of the particle, and (c) EDS spectrum of the
particles taken on the region marked by box in (a). In the composition line profile, black and
red represent Ag and Ba, respectively.
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To evaluate how these carboxylate groups (COO-) interact with the Ag and Ag@BaTiO3
nanoparticles, FTIR spectra were recorded. The FTIR spectra of the Ag, Ag2@BaTiO3,
Ag1@BaTiO3, and BaTiO3 samples are displayed in Figure 6.9 (a). Infrared spectroscopy
has been used to investigate the structure of long chain carboxylic acids adsorbed on ox-
ide metal and metal surfaces [240]. In general, the COO- groups interact directly with the
nanoparticle surfaces, following Nakamoto’s proposed structures for metal-carboxylate com-
pounds [145]. According to Nakamoto, the COO- groups interact directly with nanoparticle
atoms, and the difference (△) in wavenumbers between the asymmetric (νas (COO-)) and
symmetric (νs (COO-)) bands could serve for estimating the mode of binding of carboxylate
to the nanoparticle surfaces. The largest △ values (200-320 cm-1) were corresponding to a
monodentate ligand and the smallest △ values (<110 cm-1) was for the chelating bidentate
interaction. The medium range △ values (140-190 cm-1) were for the bridging bidentate inter-
action. Figure 6.9 (b) shows the peaks at around 1400 and 1600 cm-1 that are assigned to the
symmetric νs (COO-) stretch and asymmetric νas (COO-) stretch vibrational modes, respec-
tively. Figure 6.9 (c) shows schematic pictures of the possible adsorption models according
to the values of △. For Ag nanoparticles, the △ value is determined to be ~ 250 cm-1 (1637
cm-1-1387 cm-1). Thus, monodentate interaction is the primary mechanism for binding COO-
groups to Ag nanoparticles. For BaTiO3 nanoparticles, the △ value (1558 cm-1-1419 cm-1) is
~ 139 cm-1, characteristic of bridging coordination of the COO- groups. Comparing with Ag
and BaTiO3 nanoparticles, both spectra of Ag1@BaTiO3 and Ag2@BaTiO3 show the charac-
teristic of bridging coordination of the COO- groups and the △ values are ~ 154 cm-1 (1562
cm-1-1408 cm-1) and ~ 158 cm-1 (1562 cm-1-1404 cm-1), respectively.
The resonant frequency of a metal nanoparticle is known to be dependent on its size, shape,
material properties, and surrounding medium. Particularly, the peak position of absorption in
the plasmonic nanocomposite is altered by changing the matrix. As a dielectric layer covers
the metallic nanoparticle, the induced screening charges on the metal-dielectric boundary re-
duce the plasmon excitation energy resulting in a red-shift of the resonance [241, 242]. In our
cases, the core-shell geometry of the fabricated Ag@BaTiO3 nanoparticles supports a SPR
dependent upon Ag core size, BaTiO3 shell layer thickness, and the dielectric properties of
the core, shell, and refractive index of embedding medium. The UV-Vis absorption spectra
of the dispersed Ag nanoparticles and the Ag@BaTiO3 in 1,2-dichlorobenzene (with mean
refractive index of 1.45) and ethanol (with mean refractive index of 1.36) were measured and
shown in the Figure 6.10 and 6.11, respectively. The insets are the optical images of the sam-
ples. They show the corresponding change in color of the nanoparticles suspended in the 1-2
dichlorobenzene and ethanol with increasing shell layer thickness, respectively. From Figure
6.10 (a), the spectrum for the Ag nanoparticles suspended in 1,2-dichlorobenzene has a sur-
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Figure 6.9: FTIR spectra of: (A) Ag (a), Ag2@BaTiO3 (b), Ag1@BaTiO3 (c), and BaTiO3
(d) nanoparticles in the region between 200 - 4000 cm-1. (B) FTIR spectra show details of
IR bands in the 1100 - 1800 cm-1 spectral range. (C) Schematic pictures representing the two
types of coordination of the COO- groups to the (a-d) nanoparticles.
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face plasmon absorption at 422 nm arising from the particles, and the color of the suspension
was yellow, which corresponds to isolated and randomly oriented spherical Ag colloidal dis-
persions. In contrast, the absorbance of the Ag nanoparticles in ethanol is red-shifted from 422
to 469 nm, the peak decreases in intensity and shows a broad absorption in the region 400-
600 nm, indicating aggregation of Ag nanoparticles due to low dispersion stability in ethanol
[243, 244].
The suspension of Ag1@BaTiO3 nanoparticles exhibits an surface plasmon absorption
peak centered at around 475 nm (Figure 6.10 (c)) and at around 456 nm (Figure 6.11 (c)),
respectively, which is substantially red-shifted from that of pure Ag nanoparticles (about 420
nm). This shift can be understood in terms of the change in the refractive index of the sur-
rounding medium. Based on Mie theory [245, 246] when the refractive index of the envi-
ronment on the surface of the metal increases, a red shift will happen. The addition of the
BaTiO3 shell can be also thought of as a change in the effective refractive index of the medium
(BaTiO3, refractive index: 2.5) compared to Ag neighboring the liquid (1,2-dichlorobenzene,
refractive index: 1.45; ethanol, refractive index: 1.36). Thus, the shell material and thickness
of the shell affect the magnitude of the shift as has been recently shown also experimen-
tally for many metal-oxide core-shell combinations [233]. In addition to the plasmon peak
shifts, more remarkably, a significant broadening of the SPR in the Ag2@BaTiO3 nanopar-
ticles was observed (Figure 6.10 (b) and Figure 6.11 (b)), which should be due to plasmon
coupling between nanoparticles. The ensemble of nanoparticles, which are no more distant
from each other than the diameter of each individual particle, could strongly trap the incident
light in a sub-wavelength scale (gap between the nanoparticles) which could create a huge
localized field. The spectrum of such groups of nanoparticles is determined by the interac-
tion between the individual localized surface plasmon resonances (LSPR). The interaction
between nanoparticles, e.g. dipole-dipole depends upon the separation between neighbour-
ing particles. The thick coating leads to larger separation of the metal particles, whereas thin
coating leads to lesser separation. In this case, BaTiO3 shell acts as a barrier layer prevent-
ing the metal cores from direct contact. K.-H. Su et al. observed that the resonant peak had
significantly red-shifted for short particle spacing indicating strong plasmon coupling, and the
peak shift decayed rapidly with increasing particle spacing. If the particles are well separated
(thick coating), the dipole-dipole coupling is fully suppressed and the plasmon band is located
nearly at the same position as the individual metal particle bared [247, 248]. If the particles
are densely packed so that the individual particles are electronically coupled to each other
(thin coating), the SPR is drastically changed and results in complete absorption of light in
a broad frequency range. Therefore, we can conclude that the sample Ag2@BaTiO3 is an
ideal plasmonic blackbody that absorbs all light that falls onto it. Being a perfect absorber,
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Figure 6.10: UV-vis absorption spectra in 1,2-dichlorobenzene of (a) Ag colloidal solution,
characteristic SPR of λ = 422 nm, (b) Ag2@BaTiO3, (c) Ag1@BaTiO3, characteristic SPR of
λ = 475 nm. The concentrations of the samples in these cases are 150 ppm. Optical resonances
of gold shell-silica core nanoshells as a function of their core/shell ratio. The inset shows a
digital image of the corresponding samples.
Ag2@BaTiO3nanoparticles could be valuable for many important applications, e.g., photode-
tection or collection of solar energy (photovoltaic cells).
In order to give the supporting experimental evidence of Ag cores embedded in BaTiO3
matrix as the origin which gives rise to an enhancement in the relative permittivity of Ag-based
two-phase composites, the electrical measurements were performed as a function of both
frequency and temperature on the samples: pure BaTiO3, Ag1@BaTiO3 and Ag2@BaTiO3.
However, for the pressed Ag2@BaTiO3 powder, the negative value of dielectric permittivity
was observed at all measurement frequencies. This phenomenon arises from a high electric
conductivity, which goes beyond the measuring limit of the impedance analyzer, giving rise to
meaningless data. The high electric conductivity also results in very high dielectric dissipation
factor (tanδ ), as a result of an overflow of its value (above the measurement limit). Therefore
the high electric conductivity of Ag2@BaTiO3 powder makes it impossible to characterize its
dielectric permittivity even at the room temperature. As is well known, based on the mixture
rules and percolation theory, beyond a certain volume fraction of the conducting phase the
conducting particles start to form an electrically conducting network inside the composite,
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Figure 6.11: UV-vis absorption spectra in ethanol of (a) Ag colloidal solution, characteristic
SPR of λ = 469 nm, and the broadening of peak indicated that the particles were polydis-
persed, (b) Ag2@BaTiO3, and (c) Ag1@BaTiO3, characteristic SPR of λ = 456 nm. The
concentrations of the samples in these cases are 150 ppm. The inset shows a digital image of
the corresponding samples.
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and it undergoes a transition from an isolating to a conducting material. As shown in Figure
6.12, Ag2@BaTiO3 is a sample, which displays a temperature independent conductive behav-
ior in its complex impedance with positive real and imaginary parts and both approach zero.
Figure 6.13 (a) and (b) show the plot of imaginary part (Z") versus real part (Z’) of complex
impedance taken over the frequency range 0.1Hz - 1MHz at different temperatures 300 K ≤
T ≤ 420 K for the BaTiO3 and Ag1@BaTiO3 samples. This type of electrical behavior can be
interpreted as the result of a parallel combination of bulk resistance (RB) and bulk capacitance
(CB) elements, where the non-zero intercept at high frequency provides an estimation of the
resistance of the bulk of the grains (RB), which is approximately RB (BaTiO3) ~ 206 Ω and
RB (Ag1@BaTiO3) ~ 316 Ω , respectively (Figure 6.13 (c)). The intercept, RB, is not signifi-
cantly affected by the temperature. However, the semicircle for the grain bulk is not observed,
the only observable arc appears at the higher temperature (≥ 360 K). At lower temperature (≤
340 K), there is a linear response in Z". This trend indicates the good insulating behavior in
the sample.
The temperature and frequency dependences of dielectric permittivity (εe f f ) and dielectric
loss (tanδ ) of the BaTiO3 and Ag1@BaTiO3 samples are shown in Figure 6.14 (a-d). It is
evident that the values of εe f f and tanδ remain almost constant with increase in temperature
at 100 kHz and weak frequency dependence at 300 K is also noticed for both the samples.
As expected especially, an increase in εe f f with the Ag content is observed at all tempera-
tures and frequencies. Ag nanoparticles in the BaTiO3 matrix act as polarizable dipoles and
consequently enhance interfacial polarization.
In fact, the compacted powder is as an air-particle mixture or unsaturated medium, made
up of surrounding air and solid nanoparticles. Several dielectric mixture equations for calculat-
ing the nanoparticle permittivity, εparticle, from measured effective permittivity of compacted
samples have been summarized by Nelson [249] as follows:
1. Complex Refractive Index (CRI) mixture equation:
εparticle =




2. Landau and Lifshitz, Looyenga (LLL) equation:
εparticle =
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where εe f f is the effective dielectric constant of the air-particle mixture; εparticle is taken
as the dielectric constant of the particles; and αparticle is the volume fraction of the solid
nanoparticles, then is given by ρmixtureρtheory . In the present case, the air-particle mixture density
ρmixture of the BaTiO3 and Ag1@BaTiO3 powder in the compressed state was found to be 3.52
and 3.89 gcm-3, respectively, and αparticle was calculated to be 0.59 and 0.58, respectively.
The measured frequency dependent εe f f (Figure 6.14 (c)) and results of estimations for the
nanoparticle permittivities calculated from different dielectric mixture equations are shown in
Figure 6.15. Comparisons of the calculated and measured permittivities for the samples, the
Böttcher, CRI and LLL mixture equations appear to be the most reliable equations for esti-
mating solid material permittivities from measurements on these nanoparticle materials. The
present values from the CRI Eq. 6.4 and Böttcher´ Eq. 6.6 are in excellent agreement with
each other for both the samples, and the values from the LLL Eq. 6.5 show an increasing
trend, for example, at 1MHz, the estimated Ag1@BaTiO3 permittivities are 121 (CRI), and
163 (LLL), respectively, whereas the Bruggeman-Hanai Eq. 6.7 and Rayleigh Eq. 6.8 give
estimated negative values. Negative values have no physical meaning for εe f f and are a mathe-
matical artifact. These discrepancies might be the result of an inaccurate estimation of sample
volume fraction. It may also indicate that the additional contribution from the conductivity
into measured, εe f f , for the pressed powder is not negligible even at high frequencies.
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Figure 6.12: Represents complex impedance plots of Z" (Ω ) vs. Z’ (Ω ) at various tempera-
tures for a conducting sample of Ag2@BaTiO3.
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Figure 6.13: Complex impedance plots of Z" (Ω) vs. Z’ (Ω) at various temperatures for (a)
BaTiO3 and (b) Ag1@BaTiO3, and (c) shows an expanded view of the high frequency data
close to the origin.
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Figure 6.14: Temperature dependence of (a) the dielectric permittivity, εe f f , and (b) loss,
tanδ , at 100 kHz, and frequency dependence of (c) the dielectric permittivity, εe f f , and (d)
loss, tanδ , at 300 K for the BaTiO3 and Ag1@BaTiO3 samples.
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Figure 6.15: Comparisons of the measured εe f f and calculated ε permittivities from the dif-
ferent dielectric mixture equations for the nanoparticles (a) BaTiO3 and (b) Ag1@BaTiO3.
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6.5 Conclusions
In summary, Ag nanoparticles were successfully synthesized via thermal reduction of a Ag+-
oleate complex, which was prepared by the reaction of Ag acetate and oleic acid, in the highly
concentrated organic phase because oleic acid was used as both a dissolving solvent and a
capping molecule. Also, the produced Ag nanopowders can be easily dispersed in various
organic solvents. By the combination of the thermal reduction of silver ions to silver nanopar-
ticles and the “organosol” route of barium titanate, we were developing a novel Ag@BaTiO3
with tunable optical properties based on the core-shell nanostructure comprising either a Ag
core with dielectric BaTiO3 shell or a small amount of Ag cores dispersed in a continuous
dielectric BaTiO3 shell matrix, which depends on the amount of shell precursor to obtain the
desired shell. With precise synthesis and coating, we are able to tune the SPR peak of the
Ag@BaTiO3 nanoparticles through adjustments of the core/shell ratio in the particle.
FT-IR results confirm that an organic layer exists and the carboxylic acids (COO-) are
thought to bind to Ag and Ag@BaTiO3 nanoparticles through monodentate and bridging modes,
respectively, based on the difference (△) in wavenumbers between the asymmetric (νas (COO-))
and symmetric (νs (COO-)) bands. The UV-vis results reveal changes in the optical features
of the Ag and Ag@BaTiO3 composite nanoparticles corresponding to the medium where the
nanoparticles are embedded in and the thickness of the BaTiO3 shell. It was found that the
ultrathin BaTiO3 shell with a thickness less than 5 nm in composite significantly alters the
optical response of the designed metamaterials and results in almost complete absorption of
light in broad spectrum.

Chapter 7
Conclusion and Future Work
This chapter is divided into three main sections; the first section details the conclusions that
can be drawn from the results presented in Chapters 4, 5, and 6 on the preparation of BaTiO3,
core@shell BaTiO3@SiO2 nanoparticles, and finally core@shell Ag@BaTiO3 nanoparticles.
Section 7.2 details potential improvements that could be made to this work. The final section
outlines possible future work that could follow on from this work.
7.1 Main Conclusions
The main interest of this dissertation thesis relies on the synthesis and processing of core@shell
nanostructured materials by using wet chemical method. The coating process can be used to
stabilize nanoparticles with e. g. ferroelectric, magnetic, as well as optical properties, allowing
us to develop new materials for use in microelectronic devices and magneto-optical sensors
[250]. In the thesis, the first process to prepare the nanocrystalline BaTiO3 nanoparticles was
proposed using the “organosol” route. The resulting BaTiO3 powders were characterized in
terms of crystal structure, the crystallite and particle size, morphology, the lattice parame-
ter a-axis, particle formation process, and dielectric properties. Further efforts were made in
the designing and the controlled preparation of core-shell nanostructured particles with as-
prepared BaTiO3 that was able to be used both as the core and the shell material according
to different purposes. Two types of core-shell nanoparticles have been investigated, namely:
BaTiO3 crystalline core@SiO2 amorphous nanoshell and Ag crystalline core@BaTiO3 crys-
talline nanoshell composite nanoparticles. Typical core-shell structure of the nanoparticles
was revealed by HRTEM analysis. The UV absorption spectra of core-shell nanostructure
clearly indicate the variation in the electronic structure due to the surface modifcation. Based
on the results and discussion presented in this thesis, the following summaries or conclusions
can be drawn:
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1. As-prepared BaTiO3 powders with a particle size ca.10~15 nm and high content of cubic
phase could be successfully synthesized in oleic acid solution with the “organosol” route
process. Oleic acid was employed as both solvent and capping agent in the process. This
resulted in nanoparticles with a hydrophobic coating since the polar end groups were
attached to the surface, thus, they formed a protective monolayer, which is necessary
for making monodisperse and highly uniform nanoparticles.
2. Results from XRD showed both the crystallite size and the lattice parameter of the
BaTiO3 powders first expand as the reaction temperature is increased to 40 °C and then
shrink with increasing reaction temperatures up to 100 °C. One possible explanation of
the findings is assumed to result from lattice defects, due to OH- incorporation in the
unit cell. A second explanation can be found in an increased influence of surface tension
on the lattice parameter for nano-sized particles.
3. Both BaTiO3 particle growth and the conversion of existing spheres to cubes occurred,
resulting in the formation of significantly larger particles in an organic environment
during calcination, meanwhile, their structures were changed to the tetragonal phase,
which is ferroelectric. However, the particles of cubic or brick shape with sizes of 1~2
µm were observed, the exact chemistry reason of this process remains an open question
at this point.
4. Core@shell BaTiO3@SiO2 nanostructures were successfully synthesized in a reverse
microemulsion with a composition of Triton X-100/1-hexanol/cyclohexane/H2O in which
BaTiO3 can be functionalized with uniform SiO2 shell. To our knowledge, this is the
first time that the SiO2 nanoshells coated BaTiO3 have been experimentally synthesized
using a reverse microemulsion method. Furthermore, we could easily control the SiO2
thickness in the range from 3 to 20 nm with just changing the molar ratio of TEOS/
BaTiO3 from 56:1 to 5.6:1. SiO2 as a shell material can further contribute to the fab-
rication of a high-performance core-shell catalyst that has the combined advantages of
different materials.
5. In the core@shell BaTiO3@SiO2, amorphous SiO2 shells have surfaces decorated with
OH groups that renders intrinsically hydrophilic. The hydrophilic surfaces easily adhere
to each other through hydrogen bonding and form irregular agglomerations. In order
to decrease these agglomerations of particles, the surface of the silica shell should be
modified with the coupling agents, such as vinyltriethoxysilane.
6. The synthesis of the core@shell Ag@BaTiO3 nanoparticles was carried out in two steps:
the synthesis of a Ag organosol, followed by its incorporation with BaTiO3 “organosol”
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precursor to prepare Ag@BaTiO3 nanoparticles. Other products were not detected, ac-
cording to XRD results.
7. BaTiO3 was used as a shell material in order to tune the surface features of Ag nanopar-
ticles with the aim to achieve strong light absorption in a broad spectral region, which
can be achieved by fabricating the BaTiO3 shell as thin as possible. These core@shell
materials could be used in photovoltaic applications because they can both absorb sun-
light and separate photogenerated excitons into free charges. These combined properties
could make these new materials more efficient at first trapping and then utilizing more
of the solar spectrum than previous components of solar conversion devices.
Overall, this dissertation provides insights to novel colloidal preparation routes to synthesize
nanomaterials of discrete sizes, high surface area, different elemental composition and specific
core-shell geometric structures.
7.2 Improvements
There are a number of ways in which the work carried out here could be improved. Firstly,
by using materials of higher quality, for example, in this work oleic acid of 65-88% purity
was used, but oleic acid of 99% purity is available. When using reagents of lower purity, the
synthesis results may be erratic and the fine control over the absolute size and shape of the
nanoparticles was lost. Because of compositional differences between the oleic acid of differ-
ent purity, there is e. g. a possibility that the low-grade oleic acid contain fatty acids of varying
chain lengths, that result in barium-titanium oleate precursors with different chemical proper-
ties. However, using the purity of the reagents this could potentially offer an good control in
the particle size and shape and enable the particle shape to be tuned in a reproducible manner,
from spheres to cubes during calcination. Secondly, the dispersion of dry particles in liquids
is usually used to prepare zetal potential, TEM or UV-Vis measurements. To make stable dis-
persions it is necessary to disperse the large agglomerates that form the initial dry powder into
primary particles. In this work, ultrasonic bath was used to disperse nanoparticles. However,
heat is a natural byproduct when operating an ultrasonic bath because ultrasonic energy is
transformed into heat. In this case ultrasonic bath should be cooled, because bath temperature
plays a key role in the quality nanoparticle dispersion. The dispersed nanoparticles have a
tendency to re-agglomerate with rising temperatures. The ultrasonic equipment -Elmasonic S
units offered by Tovatech is ready to help solve this problem through an optional cooling coil
containing tap water and connected to a temperature regulating device used to maintain the
optimum ultrasonic bath temperature.
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7.3 Future Work
We believe that the research pursued in this dissertation project lays the groundwork for other
work in the field of nanomaterial synthesis and applications. In future the following work can
be done,
1. The valuable insights gained from the preparation of BaTiO3 nanoparticles with precise
control of size can be extended to synthesize other perovskite oxides nanoparticles, such
as SrTiO3, PbTiO3, PbZrO3, as well as (Ba,Sr)TiO3.
2. In the core@shell BaTiO3@SiO2, it is necessary to optimize the reaction conditions
to improve the thickness and quality of the SiO2 coatings on the BaTiO3 nanoparti-
cles. Furthermore, the dielectric permittivity of core@shell BaTiO3@SiO2 nanoparti-
cles with different shell thickness will be studied. Additionally, effects of SiO2 coating
on sintering behavior and microstructural properties of BaTiO3 nanopowders will also
be continuously discussed and investigated.
3. Other shell materials can be used to coat the BaTiO3 nanoparticles where SiO2 is re-
placed by a different material, like Al2O3, TiO2 or ZrO2. Techniques developed for
TiO2 nanoshell can be expanded to fabricate new material composites containing TiO2
coatings with high surface area. These coatings can be used to not only enhance the
material properties but also to diversify the applications of the resulting composites.
For example, a crystalline, ultrathin TiO2 shell layer encapsulates BaTiO3 nanoparti-
cles. Significant effects of this ultrathin TiO2 shell on the resulting dielectric behaviors
and energy density of the nanocomposite were observed [251]. In addition, the stable
crystalline TiO2 ultrathin shell showed strong interaction with the polymer matrix and
the BaTiO3 nanoparticles, which enhanced the dispensability of particles in the polymer
matrix.
4. Further investigations are incorporating the BaTiO3-based composite nanoparticles (e.
g. BaTiO3@TiO2, BaTiO3@SiO2, or Ag@BaTiO3) into polymer matrix followed by
dip coating, spin coating, or solvent casting into thin films. In general, dielectrics with
stable and adjustable dielectric properties of high dielectric constant and low leakage
current are always desired. It is well known that blending high dielectric inorganic
ceramic materials into polymers can lead to higher effective dielectric constants and
thus increase the energy density. For our investigations we will choose PVDF trifluo-
roethylene (P(VDF-TrFE)) of VDF to TrFE molar ratio 70/30 as the matrix material.
P(VDF-TrFE) is the most useful polymer because of the low poling field required to
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give ferroelectric behavior and high dielectric permittivity, compared with other ferro-
electric polymers. Another important point is that this copolymer does not require any
mechanical stretching before the poling process. The relative permittivity (εr) of the
BaTiO3 based nanoparticles/(P(VDF-TrFE)) composites will increase prominently with
the increase of nanoparticles loading amount, which still results in low dielectric loss
and low leakage current, as already reported by [252–255].
5. The last but most important part of the future research is developing nanomaterials
that combine plasmons and ferroelectric properties, which could make these materi-
als a better choice for various technological applications. As mentioned in chapter 6,
Ag@BaTiO3 composite nanoparticles may be a potential promising alternative mate-
rial for future photovoltaic applications. Black and coworkers have demonstrated the
the benefit of adding ferroelectric nanoparticles such as SrTiO3 or BaTiO3 to the active
layer to overcome coulomb attraction between opposite charge carriers and to achieve
their full dissociation for achieving higher power conversion efficiency [256]. There-
fore, we are anticipating that Ag@BaTiO3 composite nanoparticles may also offer one
route towards the efficient organic photovoltaic devices. The following research is im-
plementing Ag@BaTiO3 nanoparticles with varied Ag content or BaTiO3 shell thick-
ness within the photoactive layer, P3HT:PCBM based organic solar cells, and the im-
provement in the efficiency of the device is expected through the optimization of the
nanoparticle content in comparison with the same blend without these nanoparticles.
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